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PREFACE 
The thesis entitled "Photocatalytic degradation of few selected 
organic system in aqueous suspension" deals with photocatalytic 
degradation of few selected organic pollutants in aqueous suspensions 
of titanium dioxide under a variety of conditions with an aim to 
determine the optimal degradation conditions. Nano crystalline Ti02 
particles doped with different concentrations of Molybdenum (Mo), 
Manganese (Mn) and Lanthanum (La) (0.25-1.0%) were also 
synthesized and characterized. The photocatalytic activity of the 
synthesized particles (Ti02 doped with Mo, Mn and La) was tested by 
studying the decolourization of three different chromophoric dyes. The 
thesis is divided into four chapters. 
The Chapter 1 deals with photocatalytic decolourization of three 
selected different chromophoric dye derivatives, such as Martius Yellow 
(1). Acid Blue 129 (2). and Bromophenol Blue (3) in aqueous 
suspensions of titanium dioxide (Ti02) under a variety of conditions. The 
irradiations were carried out in an immersion well photochemical reactor 
made up of Pyrex glass using a 125 W medium pressure mercury lamp. 
The decolourization was followed by monitoring the change in 
absorbance as a function of irradiation time employing UV 
Spectroscopic analysis technique. The decolourization kinetics was 
investigated under different conditions such as types of Ti02 [Pure 
Anatase (Hombikat UV100 and PC500)/Anatase-Rutile mixture 
(Degussa P25)], initial reaction pH, catalyst dosage, dye concentration, 
and in the presence of electron acceptors such as potassium bromate, 
ammonium persulphate and hydrogen peroxide besides atmospheric 
oxygen. The decolourization rates were found to be strongly influenced 
by all the above parameters. The photocatalyst Degussa P25 was found 
to be more efficient for the decolourization of dyes, 1 and 3, whereas, 
Hombikat UV 100 was better for decolourization of 2. All three electron 
acceptors used in this study were found to enhance the decolourization 
rates of 1 and 3 while only KBrO3 showed pronounced effect for the 
decolourization of 2 in presence of Ti02 and atmospheric oxygen. The 
decolourization of all the dyes was also investigated under sunlight and 
the efficiency of decolourization was compared with that of the artificial 
light source. 
The Chapter 2 of the thesis deals with the photocatalytic 
decolourization of three selected azo dye derivatives, such as Direct 
Yellow 27 (1), Acid Red 183 (2), and Acid Blue 29 (3) in aqueous 
suspensions of titanium dioxide (Ti02) under different conditions. The 
decolourization was studied under analogous conditions and the rates 
were found to be influenced by different parameters. The photocatalyst 
Degussa P25 was found to be more efficient for the decolourization of 
dyes. 1 and 3 whereas Hombikat UV100 was better for decolourization 
of 2. All dyes were found to decolourize more efficiently under acidic pH 
and the rates were found to decrease with the increase in pH of the 
VI 
reaction mixture. KBr03 and H202 were found to markedly enhance the 
decolourization rates of all the dyes in presence of Ti02 and 
atmospheric oxygen. The decolourization was also studied under 
sunlight and the efficiency was compared to that of UV-light source. 
The Chapter 3 of the thesis deals with the photocatalytic mineralization 
of Metalaxyl (1), and Tinidazole (2) in the presence of Ti02/H202 by 
monitoring the TOO depletion as a function of time in aqueous 
suspensions under molecular oxygen under a variety of conditions. This 
chapter also describes the degradation of Imidacloprid (3) in the 
presence of Ti02 under different conditions by measuring the change in 
absorbance as a function of time under analogous conditions. In 
addition, the degradation of all three model pollutants was also 
monitered using HPLC analysis technique. The photocatalyst Degussa 
P25 was found to be more efficient for the degradation of all compounds 
under investigation. The better degradation rate of Metalaxyl, Tinidazole 
and Imidacloprid was found at pH 3.1, 3.7 and 11.5 respectively. The 
highest degradation rates were found at catalyst loading of 2 gL'. The 
addition of hydrogen peroxide enhanced the degradation rate of all the 
pollutants. An attempt was also made to identify the intermediate 
products formed during the photocatalytic degradation of 1 and 2 
containing Ti02 and H202 using GC-MS analysis technique. The 
analysis of irradiated mixtures of 1 and 2 indicate the formation of 
several intermediate products appearing at different retention times 
VII 
along with unchanged starting materials, of which, several products 
have been characterized on the basis of the molecular ion and mass 
fragmentation pattern. 
The Chapter 4 of thesis deals with nano crystalline Ti02 particles doped 
with different concentrations of Molybdenum (Mo) Manganese (Mn) and 
Lanthanum (La) (0.25-1.0%) were synthesized using sol-gel method 
and characterized by standard analytical techniques such as X-ray 
diffraction (XRD), UV—Vis spectroscopy and Scanning Electron 
Microscopy (SEM). The XRD analysis shows the partial crystalline 
nature and anatase phase. The SEM images of undoped and doped 
Ti02 at different magnifications also show the partial crystalline nature 
with rough surfaces. The photocatalytic activity of the synthesized 
particles (Ti02 doped with Mo, Mn and La) was tested by studying the 
decolourization of three different chromophoric dyes such as Acid Red 
88 (azo dye), Gentian Violet (triphenylmethane dye) and Remazol 
Brilliant Blue R (anthraquinone dye) as a function of time on irradiation 
in aqueous suspension in an immersion well photochemical reactor with 
a 500 W halogen linear lamp in the presence of atmospheric oxygen. 
The results indicate that Ti02 with dopant concentration of 0.75% (Mo) 
and 1.0% (Mn, La) showed the highest photocatalytic activity as 
compared to the other dopant concentrations for the decolourization of 
all the dyes. 
VIII 
Note: The numbers of various compounds given in the parentheses 
corresponds to those under the respective chapters. 
Chapter 1 
PHOTOCATALYTIC DECOLOURIZATION OF THREE SELECTED 
DIFFERENT CHROMOPHORIC DYE DERIVATIVES, MARTIUS 
YELLOW, ACID BLUE 129 AND BROMOPHENOL BLUE IN 
AQUEOUS SUSPENSIONS OF TITANIUM DIOXIDE t'' 23 
1.1 Abstract 
Photocatalytic decolourization of three selected different chromophoric 
dye derivatives, such as Martius Yellow (1), Acid Blue 129 (2), and 
Bromophenol Blue (3) has been investigated in aqueous suspensions of 
titanium dioxide (Ti02) under a variety of conditions. The decolourization 
was followed by monitoring the change in absorbance as a function of 
irradiation time employing UV spectroscopic analysis technique. The 
decolourization kinetics was investigated under different conditions such 
as types of Ti02 [Pure Anatase (Hombikat UV100 and PC500)/Anatase-
Rutile mixture (Degussa P25)], initial reaction pH, catalyst dosage, dye 
concentration, and in the presence of electron acceptors such as 
potassium bromate, ammonium persulphate and hydrogen peroxide 
besides atmospheric oxygen. The decolourization rates were found to 
be strongly influenced by all the above parameters. The photocatalyst 
Degussa P25 was found to be more efficient for the decolourization of 
dyes. I and 3 whereas Hombikat UV100 was better for decolourization 
of 2. All three electron acceptors used in this study were found to 
enhance the decolourization rates of 1 and 3 while only KBrO, showed 
pronounced effect for the decolourization of 2 in presence of Ti02 and 
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atmospheric oxygen. The decolourization of all the dyes was also 
investigated under sunlight and the efficiency of decolourization was 
compared with that of the artificial light source. 
1.2 Introduction 
Mankind is constantly using large amount of water for different purposes 
including commercial and domestic uses. The growth of world's 
population, fast industrialization, rapid urbanization and modified 
agricultural operation has adverse effects on all forms of life. In nature, 
water is distributed in different forms such as ground water, surface 
water etc. These water bodies are being polluted through various 
sources such as industrial effluents (especially dye industries), 
agricultural runoff, chemical spills etc. Textile dyes and other dyestuff 
constitute one of the largest group of organic compounds, which utilize 
dyes to colour paper, plastic and natural and artificial fibers. It is 
estimated that about 1-15% of dyes are lost during the dyeing process 
and released as effluents [3] which poses a major problem to the 
environment [4-7]. This polluted coloured water is not of any use, either 
for irrigation or for domestic purposes Therefore, decolourization of dye 
effluents attracts the attention of many researchers during last decades, 
not only because of the potential toxicity of certain dyes but often due to 
their visibility in receiving waters. 
There are several methods which have been suggested by the 
researchers for the removal of these compounds from wastewater such 
as biodegradation, coagulation, adsorption, filtration, and treatment with 
ozone [8, 9]. Among these biodegradation has received the greatest 
attention. But very often it is incapable to decrease the power of the 
contaminant of toxic compounds which intern inactivate the micro-
organisms involved in the process of degradation. Adsorption is causing 
secondary pollution by transfering organic matter from water to sludge. 
Pure water can be obtained by filtration but the pollutants having low 
molar mass can pass through the filter system. Coagulation, using 
some salts, polymers or limes, is also an economical process. However, 
it requires disposal of the waste. The use of ozone is a promising 
technology but it generates toxic intermediates [10, 11]. Therefore. 
development of an appropriate and economical method is necessary 
which can be utilized for the degradation of contaminated drinking, 
ground, surface and wastewaters containing toxic or non-biodegradable 
compounds. Advanced oxidation processes (AOP's) employing 
heterogeneous catalysis have emerged as potential technology in the 
treatment of wastewater. Heterogeneous photocatalysed degradation of 
a large variety of organic and inorganic compounds (such as dyes, 
pesticides, drugs, surfactants etc.) has been studied extensively in the 
past [12-22]. 
1.2.1 Mechanism of heterogeneous photocatalysis 
Two active phases, one solid and another liquid constitute the process 
of heterogeneous photocatalysis. The solid phase is a catalyst, usually 
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a semiconductor. A semiconductor is commonly characterized by 
energy gap between its electronically populated valence band (VB) and 
it's largely vacant conduction band (CB) [23]. The semiconductor may 
be photoexcited to form electron-donor sites (reducing sites) and 
electron-acceptor sites (oxidising sites). providing great scope for redox 
reaction. When the semiconductor is illuminated with light (h\') of energy 
greater than that of the band gap. an electron is promoted from the VB 
to the CB leaving a positive hole in the valence band and an electron in 
the conduction band as illustrated in Fig. 1.1. 
Fig. 1.1: Mechanism of photocatalyst 
If charge separation is maintained, the electron and hole may migrate to 
the catalyst surface where they participate in redox reactions with 
sorbed species. Specially, h+vb may react with surface-bound H2O to 
produce the hydroxyl radical and a",, is picked up by oxygen to generate 
superoxide radical anion, as indicated in the following equations 1-3; 
Ti02+hv—*e+h%t, 	 (1) 
02 + e-Cb —> 02 
	
(2) 
H2O + h*,,b > 'OH + H 	 (3) 
It has been suggested that the hydroxyl radical ('OH) and superoxide 
radical anion (02 ) are the primary oxidizing species in the 
photocatalytic oxidation processes. These oxidative reactions would 
result in the degradation of the pollutants. 
Several metal oxides (Ti02, ZnO, MoO3, Zr02, etc), metal 
chalcogenides (ZnS. CdS, CdSe etc) and their combinations have been 
examined for the degradation of various pollutants. Among all these 
semiconductors, the most widely used semiconductor is Ti02. Titanium 
dioxide is chemically and biologically inert, photocatalytically stable, 
relatively easy to produce and to use, able to efficiently catalyze 
reactions, cheap and devoid of risks to environment or humans. An 
important factor for being most popular semiconductor is its resistivity 
against strong acids and bases and its stability under illumination [24]. 
The VB and CB energies of the Ti02 are estimated to be +3.1 and -0.1 
volts, respectively, which means that its band gap energy is 3.2 eV and, 
therefore. absorbs in the near UV light (,.<387 nm). Many organic 
compounds have a potential above that of the TiO2 valence band and 
0 
therefore can be oxidized. In contrast, fewer organic compounds can be 
reduced since a smaller number of them have a potential below that of 
the TiO2 conduction band [25]. Although ZnO seems to be a suitable 
alternative to TiO2. it dissolves in acidic solutions and can therefore not 
be used for technical applications [26]. Other semiconductor particles 
like CdS or GaP absorb larger fractions of the solar spectrum than TiO2 
and can form chemically activated surface-bond intermediates but 
unfortunately, such catalysts are degraded during the repeated catalytic 
cycles usually involved in heterogeneous photocatalysls. 
The dye derivative (Dye) on absorption of light goes to an excited state 
(Dye') which can either donate an electron to Ti02 or accept an 
electron from the excited Ti02 to generate radical cation or radical anion 
depending upon the type of chromophore present in the dye molecule 
as summarized below, 
Dye + by - 	Dye" 	 (4) 
Dye' + Ti02 - Dye" + Ti02 (e) 	(5) 
Dye + TiO2 * 	Dye 	+ Ti02 (h') 	(6) 
The model compounds Martius Yellow (MY, 1) Acid Blue 129 (AB129, 
2) and Bromophenol Blue (BPS, 3) (shown in chart 1.T) are used as 
textile dyes [27-29]. Few studies relating to the decolourization of these 
dyes have been reported in the literature. For example, the 
sonochemical decolourization of I in aqueous solution has been done 
[27]. Shirin and balakrishnan [28] studied the zero valent Fe-mediated 
rIrT 
NO2 
NO2 
Martius Yellow (MY) 
1 
0 NH2 0 
L s-ONa 
CH3 
0 HN 
H3C 	CH3 
Acid Blue 129 (AB129) 
2 
Br Br HO  
OH 
Br 
Br 
I 	II 	0 
►S~ O 0 
Bromophenol Blue (BPB) 
3 
VA 
Chart 1.1: Chemical structure of dyes 
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reduction of 2 and wet oxidation at various temperature, using 
combine FeCl2/NaNO2 as catalyst, has also been investigated earlier by 
Peng et al. [30] A few studies related to the biodegradation [29, 31, 32], 
electrochemical decolourization [33] of 3 and degradation using W03/o- 
Fe203 has been reported earlier [34]. The degradation of 3 in the 
presence of Ti02 has also been reported recently [35]. 
To best of our knowledge there is no report on the photocatalytic 
decolourization of Martius Yellow (1), Acid Blue 129 (2) in presence of 
TiO2 Therefore, we have undertaken a detailed study on the 
photodecolourization of Martius Yellow (1), Acid Blue 129 (2) and 
Bromophenol Blue (3), sensitized by TiOz in aqueous solution under 
various reaction parameters, such as type of photocatalyst (Pure 
Anatase/Anatase-Rutile mixture), reaction pH, dye concentration, 
catalyst loading and electron acceptors besides molecular oxygen. 
These studies have been carried out inorder to obtain the optimal 
decolourization condition, which is essential for any practical application 
of photocatalytic oxidation processes. 
1.3 Experimental methods 
1.3.1 Reagents and chemicals 
Analytical grade Martius Yellow (1), Acid Blue 129 (2) and 
Bromophenol Blue (3) were obtained from Sigma-Aldrich. Double 
distilled water was employed in all experiments. Three commercially 
available 1102 powders namely Degussa P25 (Degussa AG) [35] 
0 
Hombikat UV100 (Sachtleben Chemie GmBH) [37] and PC500 
(Millennium Inorganic) [37] have been employed to test the 
decolourization of all the dyes under investigation. Degussa P25 
contains 80% anatase and 20% rutile with a specific BET surface area 
of 50 m2g ' and a primary particle size of 20 nm [38]. Hombikat UV100 
consists of 100% pure anatase with a specific BET surface area of 250 
m2g-1  and a primary particle size of 5 nm [39]. The photocatalyst PC500 
has a BET surface area of 287 m2g-1  with 100% anatase and primary 
particle size of 5-10 nm [40]. The other chemical such as NaOH, HNO3, 
H202, (NH4)2S208 and potassium bromate, used in the study were 
obtained from Merck. 
1.3.2 Procedure 
Stock solution of the dye derivatives containing desired concentrations 
were prepared in double distilled water. An immersion well 
photochemical reactor made of Pyrex glass equipped with a magnetic 
stirring bar, water circulating jacket and an opening for supply of 
atmospheric oxygen was used. A simplified diagram of the reactor 
system is shown in Fig. 1.2. 
For irradiation experiment, 250 mL aqueous solution of the dye with 
desired concentration was taken into the photoreactor and required 
amount of photocatalyst was added. The solution was stirred and 
bubbled with atmospheric oxygen for at least 15 minutes in the dark to 
allow equilibration of the system so that the loss of compound due to 
INat Cooling watt' 
Inlet Oxyyrn —~ 
cutlet Cooling Wear 
Iullet Oxygen 
cuter Vendl 
UV Lamp 
nn,, Vesnel 
M agr tic Stirring Bar 
l0 
Magrwtic stirrer —. 4d G 
	y •- 	3V 
Fig. 1.2: Photochemical reaction vessel  
adsorption can be taken into account. The zero time reading was 
obtained from blank solution kept in the dark but otherwise treated 
similarly to the irradiated solution. The suspensions were continuously 
purged with atmospheric oxygen throughout each experiment. 
Irradiations were carried out using a 125 W medium pressure mercury 
lamp. The light intensity falling on the solution was measured using a 
UV-light intensity detector (Lutron UV-340) and was found to be 1.64-
1.68 mWcm"2. IR radiation and short wavelength UV radiation were 
eliminated by a water circulating Pyrex glass jacket. Samples (10 mL) 
were collected before and at regular intervals during the irradiation and 
analyzed after centrifugation. 
For sunlight experiments, an aqueous suspension of each dye 
derivatives, 1-3 containing Ti02 was exposed to solar radiation in the 
same reaction vessel which was used for UV irradiation under 
analogous conditions. The sunlight intensity was measured using light 
intensity detector and was found to be in the range between 0.55-0.58 
mWcm 2  
1.3.3 Analysis 
1.3.3.1 Photodecolourization of dye derivatives 
The photodecolourization of dye derivatives, 1-3 was monitored using 
UV spectroscopic analysis technique (Shimadzu UV-Vis 1601). The 
concentrations of dye derivatives were calculated by standard 
calibration curve obtained from the absorbance of the dyes at different 
known concentrations. The decolourization of dye derivatives, 1-3 was 
followed by measuring the absorbance at their J.ma, as a function of 
irradiation time. 
1.4 Results and Discussion 
1.4.1 Dark Adsorption 
Adsorption of dye derivatives on the semiconductor surface is an 
important parameter in heterogeneous photocatalysis since it 
determines the photocatalytic degradation/decolourization rate. 
Adsorption isotherm expresses the relationship between the mass of 
pollutant such as dye adsorbed per unit weight of the Ti02 and 
equilibrium concentration of the pollutant in solution. Stock solutions of 
the different initial dye concentrations, C;, were prepared. Ten mL from 
each solution were transferred into coloured standard flasks (10 mL) 
each preloaded with Ti02 (Degussa P25 or Hombikat UV100) at a 
concentration of 1 gL'. The flasks were then agitated simultaneously for 
12 
24 h at room temperature using shaker. The suspensions were 
centrifuged in order to remove the Ti02 particles and the equilibrium 
concentration of dyes, Ceq was determined The amount of the 
substrate adsorbed onto the catalyst, q (mol g') was determined using 
Eq. (7). 
C —C 
9 = 	r 	 (7) 
C TIC, 
Where q is the amount of dye adsorbed per unit weight of the Ti02  at 
equilibrium, and CT;02 (gL-') is the concentration of the Ti02. Figs. 1.3-
1.5 show the adsorption of dye derivatives, 1-3 on the catalyst surface 
in the dark. It could be seen from the figure that Degussa P25 showed 
better adsorption capacity in the dark for dye derivatives, 1 and 3 while 
the dye derivative 2 adsorbs more efficiently on Hombikat UV100 Ti02  
sample. 
1.4.2 Photocatalysis of an aqueous solution of Martius Yellow (1) in 
the presence of TiO2  
An aqueous solution of dye derivative, 1 (0.2 mM, 250 mL) on 
irradiation with a 125W medium pressure mercury lamp in the presence 
of 1102 (Degussa P25, 1 gL 1) with constant stirring and bubbling of 
atmospheric oxygen lead to the decolourization of the dye. Fig. 1.6 (A) 
shows the change in absorbance at different time interval on irradiation 
of 1 in the presence of Ti02. It could be seen from the figure that 
both 7 ,. (435 and 400 rim) were found to decrease with increasing 
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irradiation time The Xmax 435 nm has been used to calculate the 
concentrations of dye derivative by standard calibration curve obtained 
from the absorbance of the dye at different known concentrations. Fig. 
1.6 (B) shows the change in concentration of 1 in the presence and 
absence of Ti02 as a function of irradiation time, It could be seen from 
the figure that 53% decolourization of 1 takes place after 35 min of 
irradiation in the presence of TiO2 and atmospheric oxygen. On the 
other hand in the absence of photocatalyst no observable decrease in 
the dye concentration could be seen. 
1.4.3 Photocatalysis of an aqueous solution of Acid Blue 129 (2) in 
the presence of Ti02 
Fig. 1.7 (A) shows the change in absorbance at different time interval 
on irradiation of an aqueous solution of dye derivative, 2 (0.5 mM, 250 
mL) in the presence of Ti02 under analogous condition. It could be seen 
from the figure that both Amax appearing at 629 and 590 nm were found 
to decrease with increasing irradiation time. Fig. 1.7 (B) shows the 
change in concentration of 2 in the presence and absence of Ti02 as a 
function of irradiation time. In this dye derivative, 89% decolourization 
takes place after 135 min of irradiation in the presence of Ti02 whereas 
in the absence of photocatalyst no observable decrease in the dye 
concentration could be seen. 
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Fig. 1.6 (A): Change in absorbance on irradiation of an aqueous 
suspension of Martius Yellow (MY, 1) in the presence of Ti02. 
Fig. 1.6 (B): Change in concentration as a function of time on irradiation 
of an aqueous solution of Martius  Yellow in the presence and 
absence of Ti02 . 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm-2), absorbance was 
followed at 435 nm, photocatalyst: Ti02 Degussa P25 (1 gL-'), Martius 
Yellow (0.20 mM), volume (250 mL), continuous stirring and air 
purging, irradiation time: 35 min. 
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Fig. 1.7 (A): Change in absorbance on irradiation of an aqueous 
suspension of Acid Blue 129 (AB129, 2) in the presence of Ti02. 
Fig. 1.7 (B): Change in concentration as a function of time on irradiation 
of an aqueous solution of Acid Blue 129 in the presence and absence 
of Ti02 . 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm-2), absorbance was 
followed at 629 nm, photocatalyst: Ti02 Sachtleben Hombikat UV1 00 (1 
gL-1), Acid Blue 129 (0.50 mM), volume (250 mL), continuous stirring 
and air purging, irradiation time: 135 min 
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1.4.4 Photocatalysis of an aqueous solution of Bromophenol Blue 
(3) in the presence of Ti02  
Similarly. Fig. 1.8 (A) shows the change in absorbance at different time 
interval on irradiation of an aqueous solution of dye derivative, 3 (0.03 
mM, 250 mL) in the presence of Ti02 under analogous condition. In this 
case, both the ?.max peak at 590 nm and shoulder peak at 384 nm were 
found to decrease with increasing irradiation time. Fig. 1.8 (B) shows 
the change in concentration of 3 in the presence and absence of Ti02  
as a function of irradiation time. In this dye 63% decolourization takes 
place after 55 min of irradiation in the presence of Ti02 and atmospheric 
oxygen whereas no observable decrease in the dye concentration takes 
place in the absence of photocatalyst. 
The zero irradiation time reading was obtained from blank solutions kept 
in the dark, but otherwise treated similarly to the irradiated solutions. 
The curve for the change in substrate concentration as a function of 
irradiation time for the dye derivatives, 1-3 as shown in Figs. 1.6 (B)-1.8 
(B) can be fitted reasonably well by expotential decay curve suggesting 
pseudo first order kinetics. As a representative example, Fig. 1.9 shows 
the linear regression curve fit for the natural logarithm of concentration 
vs. irradiation time for the decolourization of Martius Yellow (1). For 
each experiment, the rate constant was calculated from the plot of 
natural logarithm of dye concentration as a function of irradiation time. 
The decolourization rate of the dye was calculating using formula given 
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Fig. 1.8 (A): Change in absorbance on irradiation of an aqueous 
suspension of Bromophenol Blue (BPB, 3) in the presence of Ti02. 
Fig. 1.8 (B): Change in concentration as a function of time on irradiation 
of an aqueous solution of Bromophenol Blue in the presence and 
absence of Ti02. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm-2), absorbance was 
followed at 590 nm, photocatalyst: Ti02 Degussa P25 (1 gL-1), 
Bromophenol Blue (0.03 mM), volume (250 mL), continuous stirring 
and air purging, irradiation time: 55 min 
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Fig. 1.9: Plot showing the linear regression curve fit for the natural 
logarithm of concentration of Martius Yellow (MY, 1) against irradiation 
time. 
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below; 
-d[C] / dt = kC 	 (8) 
C = concentration of the pollutant, k = rate constant, n = order of 
reaction. 
The decolourization rate was calculated in terms of mcl L' mirr'. 
1.4.5 Photodecolourization of dye derivatives, 1-3 in presence of 
three different photocatalysts 
The decolourization of dye derivatives, 1-3 was tested with three 
different commercially available Ti02 powders, namely Degussa P25, 
Hombikat UV100 and PC500 in order to check the influence of pure 
aratase and anatase-rutile mixture on the decolourization rate. Figs. 
1.10-1.12 show the decolourization rate of dye derivatives, 1-3 in the 
presence of different photocatalyst. It has been observed that the 
decolourization of dye derivatives. I and 3 proceed much more rapidly 
in the presence of Degussa P25 while UV100 shows better 
decolourization rate for dye derivative, 2 as compared with other 
samples. The adsorption of dye derivatives, 1-3 onto the photocatalyst 
surface (P25/UV100) in the dark indicate that 1 and 3 showed better 
adsorption on Degussa P25 whereas dye derivative 2 adsorbs more 
efficiently on Hombikat UV100 TiO2 sample as shown in Figs. 1.3-1.6. It 
is assumed that in heterogeneous photocatalysis better adsorption 
leads to more efficient degradation of the compound. 
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Fig. 1.10: Comparison of decolourization rate of Martius Yellow (MY, 1) 
in the presence of different types of photocatalysts. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Martius Yellow (0.2 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL-'), Sachtleben 
Hombikat UV100 (1 gL-'), Millennium PC500 (1 gL"'), light source: 125 
W medium pressure mercury lamp (1.64-1.68 mWcm"2), continuous 
stirring and air purging, irradiation time: 35 min. 
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Fig. 1.11: Comparison of decolourization rate of Acid Blue 129 (AB1 29. 
2) in the presence of different types of photocatalysts. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Blue 129 (0.5 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL"'), Sachtleben 
Hombikat UV100 (1 gL"'), Millennium PC500 (1 gL"'), light source: 125 
W medium pressure mercury lamp (1.64-1.68 mWcm"2), continuous 
stirring and air purging, irradiation time: 75 min. 
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Fig. 1.12: Comparison of decolourization rate of Bromophenol Blue 
(BPB. 3) in the presence of different types of photocatalysts. 
Experimental conditions: Reaction vessel, immersion well 
photochemical reactor made of Pyrex glass, Bromophenol Blue (0.03 
mM), volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL-'), 
Sachtleben Hombikat UV100 (1 gL 1), Millennium PC500 (1 gL-'), light 
source: 125 W medium pressure mercury lamp (1.64-1.68 mWcm-2), 
continuous stirring and air purging, irradiation time. 55 min. 
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Our results are in agreement with the adsorption behavior of the 
compounds onto the catalyst surface. The reason for the better 
photocatalytic activity of Degussa P25, could be attributed to the fact 
that Degussa P25 is composed of small nano-crystallites of rutile 
dispersed within an anatase matrix. The smaller band gap of rutile 
"catches" the photons generating electron-hole pairs. The electron 
transfer, from the rutile conduction band to electron traps in anatase 
phase takes place. Recombination is thus inhibited allowing the hole to 
move to the surface of the particle and react [41]. In an earlier study it 
has been reported that Hombikat UV100 was almost four times more 
effective than Degussa P25 when dichloroacetic acid was used as the 
model pollutant [42]. In addition Hombikat UV100 was found to be more 
effective than Degussa P25 for the degradation of Fast Green FCF [431, 
ramazol brilliant blue R [44] benzidine and 1,2-diphenyl hydrazine [45]. 
Martin et. al. [46] reported that the better photocatalytic activity of 
Hombikat UV100 is due to fast interfacial electron transfer rate. These 
results indicate that the activity of the photocatalyst also depends on the 
type of the model pollutant. 
In all following experiments, the photocatalyst Degussa P25 was used 
for the decolourization of dye derivatives 1, 3 and UV100 for dye 
derivative 2 since this material exhibited the highest overall activity for 
the decolourization of dyes under investigation. 
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1.4.6 Effect of pH on the photocatalytic decolourization of dye 
derivatives, 1-3 
An important parameter in the photocatalytic reactions taking place on 
the Ti02 particulate surfaces is the pH of the solution, since it influences 
the surface charge properties of the photocatalyst and therefore the 
adsorption behaviour of the pollutants. We have studied the 
decolourization of all three dyes under investigation at different pH 
values employing both Degussa P25 (for compounds 1 and 3) and 
Hombikat UV100 (for compound 2) as photocatalyst. Figs. 1.13-1.15 
show the decolourization rate of dye derivatives, 1-3 as a function of 
reaction pH. The results indicate that the decolourization rate of dye 
derivative I was better at lower pH value, which decreases with 
increase in initial reaction pH and the highest efficiency was observed at 
pH 3.1. In case of dye derivative, 2 the decolourization rate was found 
to increase with increase in pH from 4.1 to 6 2 and a further increase in 
pH lead to decrease in the decolourization rate. Whereas in the case of 
3 the decolourization could not be studied below pH 6.1 because of 
change in colour and shift in .max where highest rate was observed, 
which was found to decrease with the increase in pH. The better 
decolourization rate of compounds 1 and 3 could be explained on the 
basis of the fact that the zero point of charge (pH7p) of Degussa P25 is 
at pH 6.25 [47]. Hence, at pH values below 6.25, the particle surface is 
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Fig. 1.13: Influence of pH on the decolourization rate of Martius Yellow 
(MY, 1). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Martius Yellow (0.2 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL- '), reaction pH 
(3.1, 6.5, 9.4 and 11.9), light source: 125 W medium pressure 
mercury lamp (1.64-1.68 mWcm-2), continuous stirring and air purging, 
irradiation time: 35 min. 
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Fig. 1.14: Influence of pH on the decolourization rate of Acid Blue 129 
(AB129, 2). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Blue 129 (0.5 mM), 
volume (250 mL), photocatalyst: Sachtleben Hombikat UV100 (1 gL-1), 
reaction pH (4.1 , 6.2, 8.9, 11.3), light source: 125 W medium 
pressure mercury lamp (1.64-1.68 mWcm"z), continuous stirring and air 
purging, irradiation time: 75 min. 
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Fig. 1.15: Influence of pH on the decolourization rate of Bromophenol 
Blue (BPB, 3). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Bromophenol Blue (0.03 
mM), volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL-1 ), 
reaction pH (6.1, 8.3, 10.6, 13.1), light source: 125 W medium 
pressure mercury lamp (1.64-1.68 mWcm- ), continuous stirring and air 
purging. irradiation time: 55 min. 
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positively charged, while at pH values above 6.25, it is negatively 
charged as shown in following equations. 
TiOH + H+ 	— 	 TiOH2+ 	(9) 
TiOH + OH' 	 ► 	TiO" + H2O (10) 
Due to the low pKa values (2.12) of dye derivative 1 [48] and (4.0) of dye 
derivative 3 [49) these molecules will be present in its anionic form 
within the pH range studied. With increasing pH the negative charges 
on the titanium dioxide would repel, and this repulsion would increase 
with increasing pH, resulting in a decrease in the photodecolourization 
efficiency. In the case of 2, the lower decolourization rate at higher pH 
values may be due to the structural orientation of the molecule as the 
amino group present (—NH2) at cx-position to the carbonyl group, may 
form intramolecular hydrogen bonding [50]. Therefore, the dye structure 
becomes chemically stable at high pH. The chromophores of the dye 
remain intact after light irradiation and hence, reduce the 
decolourization rate of the dye [51]. Similar results on the effect of pH 
for the decolourization of reactive blue 4 having similar chromophoric 
group have been observed [52]. 
1.4.7 Effect of substrate concentration on the photocatalytic 
decolourization of dye derivatives, 1-3 
It is important both from mechanistic and from application point of view 
to study the dependence of substrate concentration on the 
photocatalytic reaction rate. Effect of substrate concentration on the 
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decolourization of the dye derivatives, 1-3 was studied at different initial 
concentrations. The decolourization rate of dye derivatives, 1-3 as a 
function of substrate concentration employing Degussa P25 (in case of 
1 and 3) and Hombikat UV100 (in case of 2) as photocatalyst is shown 
in Figs. 1.16-1.18 respectively. It could be seen from the figures that the 
decolourization rate of all three dyes were found to increase with the 
increase in substrate concentration to some extent and a futher 
increase in substrate concentration lead to decrease in decolourization 
rate. For example, in the case of dye derivative, 1 the decolourization 
rate increases from 0.12 mM to 0.20 mM and a further increase in 
substrate concentration lead to decrease in the decolourization rate. 
Whereas, in the case of 2 and 3 the rate was found to increase with the 
increase in substrate concentration from 0.20 mM to 0.40 mM and 
0.015 mM to 0.020 mM respectively. The decrease in the 
decolourization rate at high concentration may be due to the fact that as 
the initial concentration of the dye increases, the colour of the irradiating 
mixture becomes more and more intense which prevents the 
penetration of light to the surface of the catalyst. The generation of 
relative amounts of 'OH and 02* on the surface of the catalyst do not 
increase as the intensity of light, illumination time and concentration of 
the catalyst are constant. Conversely, their concentrations will decrease 
with increase in concentration of the dye as the light photons are largely 
absorbed and prevented from reaching the catalyst surface by the dye 
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Fig. 1.16: Influence of substrate concentration on the decolourization 
rate of Martius Yellow (MY, 1). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Martius Yellow (0.12, 0.15, 
0.20 and 0.25 mM), volume (250 mL), photocatalyst: Ti02 Degussa P25 
(1 gL-'), light source: 125 W medium pressure mercury lamp (1.64-1.68 
mWcm-2), continuous stirring and air purging, irradiation time: 35 min. 
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Fig. 1.17: Influence of substrate concentration on the decolourization 
rate of Acid Blue 129 (AB129, 2). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Blue 129 (0.20, 0.40, 
0.50 and 0.60 mM), volume (250 mL), photocatalyst: Ti02 Sachtleben 
Hombikat UV100 (1 gL-'), light source: 125 W medium pressure 
mercury lamp (1.64-1.68 mWcm"Z), continuous stirring and air purging, 
irradiation time: 75 min. 
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Fig. 1.18: Influence of substrate concentration on the decolourization 
rate of Bromophenol Blue (BPB, 3). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Bromophenol Blue (0.015, 
0.020, 0.0250, 0.030 and 0.035 mM), volume (250 mL), photocatalyst: 
T102 Degussa P25 (1 gL-1), light source: 125 W medium pressure 
mercury lamp (1.64-1.68 mWcm"2), continuous stirring and air purging, 
irradiation time: 55 min. 
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molecules. Consequently, for a given mass of Ti02, the decolourization 
efficiency of the dye decreases as the dye concentration increases. 
1.4.8 Effect of catalyst loading on the photocatalytic 
decolourization of dye derivatives, 1-3 
The influence of the photocatalyst concentration on the decolourization 
rate of dye derivatives, 1-3 was investigated using different 
concentrations of Degussa P25 (for 1, 3) and Hombikat UV100 (for 2) 
varying from 0.5 to 3 gL'1. Figs. 1.19-1.21 show the decolourization rate 
of dye derivatives, 1-3 as a function of catalyst concentration. It could 
be seen from the figure that the addition of photocatalyst improves the 
decolourization rate of the dye derivatives, 1 and 3 from 0.5 gL' to 2 
gL"' and further increase in catalyst concentration upto 3 gL' lead to 
decrease in decolourization rate. In compound 2 the rate for the 
decolourization increases with the increase in catalyst concentration 
from 0.5 9L1 to 1 gL-1  and a further increase in catalyst concentration 
from 1 gL-1  to 3 gL"' lead to decrease in the decolourization rate. It was 
observed that above a certain concentration, the reaction rate 
decreases. This limit depends on the geometry and working conditions 
of the photoreactor and for a definite amount of TiO in which all the 
particles, i.e. surface exposed, are totally illuminated. When the catalyst 
concentration is very high, after traveling a certain distance on an 
optical path, turbidity impedes further penetration of light in the process. 
his optimum catalyst concentration [(Ti02)OPT] has to be found, in order 
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Fig. 1.19: Influence of catalyst concentration on the decolourization rate 
of Martius Yellow (MY, 1). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Martius Yellow (0.2 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (0.5, 1, 2 and 3 
gL-'), Ii~ght source: 125 W medium pressure mercury lamp (1.64-1.68 
mWcm" ), continuous stirring and air purging, irradiation time: 35 min, 
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Fig. 1.20: Influence of catalyst concentration on the decolourization rate 
of Acid Blue 129 (AB129, 2). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Blue 129 (0.5 mM), 
volume (250 mL), photocatalyst: Ti02 Sachtleben Hombikat UV100 (0.5, 
1, 2 and 3 gL-1), light source: 125 W medium pressure mercury lamp 
(1.64-1.68 mWcm-2), continuous stirring and air purging, irradiation time: 
75 min. 
BPB 
0 
E 
J 
O 
E 
d 
R 
c 
0 
co N 
0  
0 U d 
[. .1:1;I 
[SIsilislil  
IIEESIII  
39 
0.0 	0.5 	1.0 	1.5 	2.0 	2.5 	3.0 	3.5 
Catalyst Concentration (gL'') 
Fig. 1.21: Influence of catalyst concentration on the decolourization rate 
of Bromophenol Blue (BPB, 3). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Bromophenol Blue (0.03 
mM), volume (250 mL), photocatalyst: Ti02 Degussa P25 (0.5, 1, 2 and 
3 gL-'), light source: 125 W medium pressure mercury lamp (1.64-1.68 
mWcm"2), continuous stirring and air purging, irradiation time: 55 min. 
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to avoid excess catalyst and ensure total absorption of efficient photons. 
1.4.9 Effect of electron acceptors on the photocatalytic 
decolourization of dye derivatives, 1-3 
Since hydroxyl radicals appear to play an important role in the 
photocatalytic decolourization, electron acceptors such as hydrogen 
peroxide, potassium bromate, and ammonium persulphate were added 
into the solution in order to enhance the formation of hydroxyl radicals 
and also to inhibit the electron/hole pair recombination. One practical 
problem In using Ti02 as a photocatalyst is the undesired electron/hole 
recombination, which, in the absence of proper electron acceptor or 
donor, is extremely efficient and represent the major energy-wasting 
step thus limiting the achievable quantum yield. One strategy to inhibit 
electron/hole pair recombination is to add other (irreversible) electron 
acceptors to the reaction. They could have several different effects such 
as i.e. 1) to increase the number of trapped electrons and consequently 
avoid recombination 2) to generate more radicals and other oxidizing 
species 3) to increase the oxidation rate of intermediate compounds 
and 4) to avoid problems caused by low oxygen concentration, In highly 
toxic wastewater where the degradation of organic pollutants is the 
major concern, the addition of electron acceptors to enhance the 
degradation rate may often be justified. With this view, we have studied 
the effect of electron acceptors such as ammonium persulphate, 
potassium bromate and hydrogen peroxide in presence of Ti02 in order 
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to look the effect of these additives on the decolourization of dyes under 
investigation. In the case of dye derivatives, I and 3 all three electron 
acceptors such as H202, KBr03 and (NH4)2S208 show beneficial effect 
on the decolourization of the dyes as shown in Figs. 1.22 and 1.24. On 
the other hand in compound, 2 only KBrO3 showed the enhanced effect 
on the decolourization rate of the dye (shown in Fig. 1.23) whereas the 
electron acceptors such as H2O2  and (NH42S208 did not show any 
enhanced effect (not shown in Fig. 1.23). 
The electron acceptors used are known to generate hydroxyl radicals 
and reactive species by the mechanisms shown in equations 11-15; 
H202 + e 06 - 0H  + OH 	 (11) 
Br03 + 2H- + e 03 -> Br02 + H2O 	 (12) 
Br03 + 6H` + 6 e cs -> [Br02 , HOBr] -a Br + 3H20 	(13) 
52062 + e ce -* S042 + 304 ' 	 (14) 
SO4- + H2O -> S042- +'OH + H+ 	 (15) 
The respective one-electron reduction potentials of different species 
are: E (02/02') = -155 mV, E (H202/H0') = 800 mV, E (Br03-/BrOz') = 
1150 mV, and E (S20a2lSO4') = 1100 mV [53]. From the 
thermodynamic point of view all employed additives should therefore be 
more efficient electron acceptors than molecular oxygen. 
In the presence of KBrO, the decolourization of dye derivatives, 1 and 2 
was better as compared to other additive used in this study. 
The effective electron acceptor ability of KBrO3 has been observed in a 
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Fig. 1.22: Comparison of decolourization rate of Martius Yellow (MY, 
1) in the presence of different electron acceptors. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Martius Yellow (0.2 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL-1 ), electron 
acceptors: KBr03 (3 mM) H202 (10 mM), and (NH4)2S208 (3 mM), light 
source: 125 W medium pressure mercury lamp (1.64-1.68 mWcm"2 ), 
continuous stirring and air purging, irradiation time: 35 min. 
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Fig. 1.23: Comparison of decolourization rate of Acid Blue 129 
(AB129, 2) in the presence of electron acceptor. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Blue 129 (0.5 mM), 
volume (250 mL), photocatalyst: Ti02 Sachtleben Hombikat UV100 (1 
gL 1), electron acceptors: KBr03 (3 mM) light source: 125 W medium 
pressure mercury lamp (1.64-1.68 mWcm"2), continuous stirring and air 
purging, irradiation time: 75 min. 
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Fig. 1.24: Comparison of decolourization rate of Bromophenol Blue 
(B P B , 3) in the presence of different electron acceptors. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Bromophenol Blue (0.03 
mM). volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL-'), 
electron acceptors: KBr03 (3 mM) H202 (10 mM) and (NH4 )2S208 (3 
mM), light source: 125 W medium pressure mercury lamp (1.64-1.68 
mWcm" ), continuous stirring and air purging, irradiation time: 55 min. 
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number of studies reported before [54-56]. The reason can be attributed 
to the number of electrons it reacts as shown in equations, 12-13. The 
reduction of bromate ions by electrons does not lead directly to the 
formation of hydroxyl radicals, but rather to the formation of other 
reactive radicals or oxidizing agents eg. Br02 and HOBr. Furthermore, 
bromate ions by themselves can act as oxidizing agents. 
In contrast, in the case of dye derivative, 3 the addition of H202 showed 
better results as compared to other electron acceptors The effect of 
H202 has been investigated in numerous studies and it was observed 
that it increases the photodegradation rates of organic pollutants [57-
591 The enhancement of the decolourization rate on addition of H202 
can be rationalized in terms of several reasons. Firstly, it increases the 
rate by removing the surface-trapped electrons, there by lowering the 
electron-hole recombination rate and increasing the efficiency of hole 
utilization for reactions such as ("OH + h' - 'OH). Secondly, H202 may 
split photolytically to produce 'OH directly, as cited in studies of 
homogeneous photcoxidation using UV/(H2O2 + 02) [60]. Thirdly, the 
solution phase may be oxygen starved, because of either oxygen 
consumption or slow oxygen mass transfer. The peroxide addition 
thereby increases the decolourization rate. 
1.4.10 Photocatalysis of dye derivatives, 1-3 under sunlight 
For practical application of wastewater treatment based on these 
processes, the utilization of sunlight is preferred. Hence the aqueous 
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suspensions of Ti02 (Degussa P25 for dye derivatives 1, 3 and UV100 
for 2) containing dye derivatives 1-3 were exposed to solar radiation in 
the same reaction vessel under constant bubbling of air and continuous 
stirring. The samples were collected at different time intervals and 
analysed after centrifugation to remove 1102. The decolourization was 
followed by measuring the change in absorbance of dye derivatives 1-3, 
using a Shimadzu UV-Vis spectrophotometer (model 1601). Figs. 1.25-
1.27 show the change in concentration as a function of irradiation time 
on illumination of an aqueous suspension of dye derivatives 1-3, 
respectively, in the presence and absence of Ti02 under sunlight and 
UV-light source. It could be seen from the figures that 38%, 33% and 
42% decolourization of dyes 1-3 take place when the irradiation was 
carried out in the presence of sunlight. Blank experiments were carried 
out in the absence of Ti02 where no observable loss of the compounds 
could be seen. 
1.5 Conclusion 
This study demonstrates that nitronaphthol and bromophenol dye 
derivatives 1 and 3 can be decolourized efficiently in the presence of 
TiO2 Degussa P25 whereas Hombikat UV100 was found to be more 
efficient photocatalyst for the decolourization of anthraquinone dye 2 in 
the presence of light and atmospheric oxygen. The experimental results 
also indicate that Martius Yellow (1) decolourizes more efficiently under 
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Fig. 1.25: Change in concentration as a function of time on irradiation of 
an aqueous suspension of Martius Yellow (MY, 1) in the presence and 
absence of Ti02 under sunlight and UV-light source. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm"2). light source: 
sunlight (0.55-0.58 mWcm-z), absorbance was followed at 435 nm, 
photocatalyst: Ti02 Degussa P25 (1 gL'), Martius Yellow (0.20 mM), 
volume (250 mL), continuous stirring and air purging, irradiation time: 35 
min. 
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Fig. 1.26: Change in concentration as a function of time on irradiation of 
an aqueous suspension of Acid Blue 129 (AB129, 2) in the presence 
and absence of Ti02 under sunlight and UV-light source. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm"2), light source: 
sunlight (0.55-0.58 mWcm"2), absorbance was followed at 629 nm, 
photocatalyst: T102 Sachtleben Hombikat UV100 (1 gL1), Acid Blue 129 
(0.50 mM), volume (250 mL), continuous stirring and air purging, 
irradiation time: 75 min. 
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Fig. 1.27: Change in concentration as a function of time on irradiation of 
an aqueous suspension of Bromophenol Blue (BPB, 3) in the presence 
and absence of Ti02 under sunlight and UV-light source. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm,2), light source: 
sunlight (0.55-0.58 mWcm,2), absorbance was followed at 590 nm, 
photocatalyst: Ti02 Degussa P25 (1 gL 1 ), Bromophenol Blue (0.03 
mM), volume (250 mL), continuous stirring and air purging, irradiation 
time: 55 min. 
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acidic pH whereas efficient decolourization of Acid Blue 129 (2) and 
Bromophenol Blue (3) was observed around neutral pH. The optimal 
catalyst concentration for the decolourization of 1 and 3 was found to be 
2 gL-' (P25) whereas, in the case of compound 2, the highest 
decolourization rate was observed with catalyst loading of 1 gL-' 
(UV100). The decolourization of dye derivative 1 was found to be 
markedly enhanced in the presence of KBrO3. 
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Chapter 2 
PHOTOCATALYTIC DECOLOURIZATION OF THREE SELECTED 
AZO DYE DERIVATIVES, DIRECT YELLOW 27, ACID RED 183 AND 
ACID BLUE 29 IN AQUEOUS SUSPENSIONS OF TITANIUM 
DIOXIDE r'. ~) 
2.1 Abstract 
Photocatalytic decolourization of three selected azo dye derivatives, 
such as Direct Yellow 27 (1), Acid Red 183 (2), and Acid Blue 29 (3) 
has been investigated in aqueous suspensions of titanium dioxide 
(Ti02) under a variety of conditions. The decolourization was followed 
by monitoring the change in absorbance as a function of irradiation time 
employing UV spectroscopic analysis technique. The decolourization 
kinetics was investigated under different conditions such as types of 
TiO2 [Pure Anatase (Hombikat UV100 and PC500)/Anatase-Rutile 
mixture (Degussa P25)], initial reaction pH, catalyst dosage, dye 
concentration, and in the presence of electron acceptors such as 
potassium bromate and hydrogen peroxide besides atmospheric 
oxygen. The decolourization rates were found to be strongly influenced 
by all the above parameters. The photocatalyst Degussa P25 was found 
to be more efficient for the decolcurization of dyes, 1 and 3 whereas 
Hombikat UV100 was better for decolourization of 2. Both the electron 
acceptors markedly enhanced the decolourization rates of all the dyes 
in presence of Ti02 and atmospheric oxygen. The decolourization of all 
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the dyes was also investigated under sunlight and the efficiency of 
decolourization was compared with that of the artificial light source. 
2.2 Introduction 
Many industries use large amount of water for manufacturing and 
processing purposes and release contaminated water into rivers, 
streams and lakes. As a result numerous hazardous compounds are 
introduced into the environment. Among all the compounds, dyes pose 
the most serious problem to the environment [3]. The world wide annual 
production of dyes is over 70,000 tons, of which 15% is lost during the 
dyeing process in the textile industry [4]. The presence of even small 
amount of dye in effluent is highly undesirable. It also causes some 
dangerous problems to the surrounding ecosystems and human health 
disorders [5]. Decolourization of dyes effluents has therefore acquired 
increasing attention. During the past three decades, photocatalyfic 
processes involving Ti02 semiconductor particles under UV light 
illumination have been shown to be potentially advantageous and useful 
in the degradation of dyes in aqueous suspension. Earlier studies have 
shown that a variety of toxic organic and inorganic contaminants can be 
photomineralized to non toxic components in aqueous suspension on 
irradiated semiconductor particle [6-19]. The mechanism involving 
photomineralization of toxic components on semiconductor particle has 
been discussed in detail in the literature [20, 21]. 
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As per the information available on the website of the manufacturing 
industry (Shijiazhuang Garland Trade Co. Ltd.. China) Direct Yellow 27 
(1) is used in dyeing and printing cotton, silk, wool, nylon fabric. Acid 
Red 183 (2) is extensively used in dyeing fabrics like cotton, wool and 
nylon [22]. The dye derivative, Acid Blue 29 (3) is also used as textile 
dye [23]. The decolourization of Acid Red 183 (2) using fenton and 
photo-fenton process has been studied earlier [22, 24]. The removal of 
Acid Red 183 (2) using Ti02 coated on natural cellulose fibre prior to 
biological treatment has also been reported [25, 26]. Joshi and 
Shrivastava [23] studied the removal of Acid Blue 29 (3) dye from 
aqueous solution by using commercial activated carbon with Ti02 and 
ZnO. To the best of our knowledge, there has not been any detailed 
study on the decolourization kinetics of these dyes using Ti02, which is 
essential for any application oriented process. Therefore, we have 
studied the decolourization of these dyes (shown in chart 2.1) sensitized 
by Ti02 in aqueous suspension under different conditions such as type 
of Ti02 (Pure Anatase/Anatase-Rutile mixture), reaction pH, dye 
concentration, catalyst loading and electron acceptors in addition to 
molecular oxygen. 
2.3 Experimental methods 
2.3.1 Reagents and chemicals 
Analytical grade Direct Yellow 27 (1), Acid Red 183 (2), and Acid Blue 
29 (3) were obtained from Sigma-Aldrich. Double distilled water was 
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Chart 2.1: Chemical structure of dyes 
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employed in all experiments. Three commercially available Ti02  
powders namely Degussa P25 (Degussa AG), 127] Hombikat UV100 
(Sachtleben Chemie GmBH) [28] and PC500 (Millennium Inorganic) [28] 
have been employed to test the decolourization of all the dyes under 
investigation. Degussa P25 contains 80% anatase and 20% rutile with a 
specific BET surface area of 50 m2g-1  and a primary particle size of 20 
nm [29]. Hombikat UV100 consists of 100% pure anatase with a specific 
BET surface area of 250 m2g, ' and a primary particle size of 5 nm [30]. 
The photocatalyst PC500 has a BET surface area of 287 m2g"1 with 
100% anatase and primary particle size of 5-10 nm [31]. The other 
chemical such as NaOH, HNO3, H202 and potassium bromate, used in 
the study were obtained from Merck. 
2.3.2 Procedure 
Stock solution of the dye derivatives containing desired concentrations 
were prepared in double distilled water. An immersion well 
photochemical reactor made of Pyrex glass equipped with a magnetic 
stirring bar, water circulating jacket and an opening for supply of 
atmospheric oxygen was used. 
For irradiation experiment, 250 mL aqueous solution of the dye with 
desired concentration was taken into the photoreactor and required 
amount of photocatalyst was added. The solution was stirred and 
bubbled with atmospheric oxygen for at least 15 minutes in the dark 
to allow equilibration of the system so that the loss of compound due 
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to adsorption can be taken into account. The zero time reading was 
obtained from blank solution kept in the dark but otherwise treated 
similarly to the irradiated solution. The suspensions were continuously 
purged with atmospheric oxygen throughout each experiment. 
Irradiations were carried out using a 125 W medium pressure mercury 
lamp. The light intensity falling on the solution was measured using a 
UV-light intensity detector (Lutron UV-340) and was found to be 1.64-
1.68 mWcrn 2 IR radiation and short wavelength UV radiation were 
eliminated by a water circulating Pyrex glass jacket. Samples (10 mL) 
were collected before and at regular intervals during the irradiation and 
analyzed after centrifugation. 
For sunlight experiments, an aqueous suspension of each dye 
derivatives, 1-3 containing Ti02 was exposed to solar radiation in the 
same reaction vessel which was used for UV irradiation under 
analogous conditions. The sunlight intensity was measured using light 
intensity detector and was found to be in the range between 0.55-0.58 
mwcm'z. 
2.3.3 Analysis 
2.3.3.1 Photodecolourization of dye derivatives 
The photodecolourization of dye derivatives, 1-3 were monitored by 
measuring the absorbance at their Xmax as a function of irradiation time 
using UV spectroscopic analysis technique (Shimadzu UV-Vis 1601) 
The concentrations of dye derivatives were calculated by standard 
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calibration curve obtained from the absorbance of the dyes at different 
known concentrations. 
2.4 Results and Discussion 
2.4.1 Dark Adsorption 
The adsorption of dye derivatives 1-3 was investigated under dark by 
stirring an aqueous solution (10mL) of the dye in a standard flask each 
preloaded with Degussa P25 or Hombikat UV100 at a concentration of 
1 gL' for 24 h at room temperature. The amount of dye adsorbed onto 
the catalyst surface (q) was determined using Eq. (1). 
- C pg 
C TiO, 
	 (1) 
Where q is the amount of dye adsorbed per unit weight of the TiO2 at 
equilibrium, C1 is the initial concentration of dye, CFq is the 
concentration of dye after adsorption and CT;01 (gL') is the 
concentration of the Ti02. Figs. 2.1-2.3 show the adsorption of dye 
derivatives, 1-3 on Degussa P25 and UV100 in the dark. The dark 
adsorption results indicate that the dye derivatives, 1 and 3 adsorb 
more efficiently on the surface of Degussa P25 whereas the compound 
2 adsorbs better on the surface of Hombikat UV100 as compare to 
Degussa P25. 
2.4.2 Photocatalysis of an aqueous solution of Direct Yellow 27 (1) 
in the presence of TiC2 
An aqueous solution of dye derivative, 1 (0.16 mM, 250 mL) was 
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Fig. 2.1: Dark adsorption isotherm of Direct Yellow 27 (DY27, 1) on 
Ti02 (Degussa P25 and Hombikat UV100), q = f (Ceq), [P25] = [UV100] 
= 1 gL-'. 
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Fig. 2.2: Dark adsorption isotherm of Acid Red 183 (AR183, 2) on Ti02 
(Degussa P25 and Hombikat UV100), q = f (Ceq), [P25] = [UV100] = 1 
gL'. 
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Fig. 2.3: Dark adsorption isotherm of Acid Blue 29 (AB29, 3) on Ti02 
(Degussa P25 and Hombikat UV100), q = f (Ceq), [P25] = [UV100] = 1 gL, 
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irradiated with a 125 W medium pressure mercury lamp in the presence 
of Ti02 (Degussa P25, 1 gL"t ) with constant stirring and bubbling of 
atmospheric oxygen. The decolourization of the dye was monitored by 
measuring the change in absorbance as a function irradiation time. Fig. 
2.4 (A) shows the change in absorbance at different time interval on 
irradiation of I in the presence of Ti02. It could be seen from the figure 
that the absorption intensity at its i.m (393 nm) was found to decrease 
with increasing irradiation time. Fig. 2.4 (B) shows the change in 
concentration of the dye as a function of irradiation time in the presence 
and absence of TiO2 [The concentration of dye was calculated by 
standard calibration curve obtained from the absorbance of the dye at 
different known concentrations]. It could be seen from the figure that 
B2% decolourization of 1 takes place after 75 min of irradiation in the 
presence of Ti02 and atmospheric oxygen. On the other hand in the 
absence of photocatalyst no observable decrease in the dye 
concentration could be seen. 
2.4.3 Photocatalysis of an aqueous solution of Acid Red 183 (2) in 
the presence of Ti02  
An aqueous solution of dye derivative, 2 (0.30 mM, 250 mL) was 
irradiated in the presence of Ti02 under analogous conditions. Fig. 2.5 
(A) shows the change in absorbance at different time intervals in the 
presence of Ti02 where the absorption intensity decreases 
with increasing irradiation time. Fig. 2.5 (B) shows the change in 
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Fig. 2.4 (A): Change in absorbance on irradiation of an aqueous 
suspension of Direct Yellow 27 (DY27, 1) in the presence of T102. 
Fig. 2.4 (B): Change in concentration as a function of time on irradiation 
of an aqueous solution of Direct Yellow 27 in the presence and 
absence of Ti02 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64.1.68 mWcm 2), absorbance was 
followed at 393 nm, photocatalyst: Ti02 Degussa P25 (1 gL-'), Direct 
Yellow 27 (0.16 mM), volume (250 mL), continuous stirring and air 
purging, irradiation time: 75 min. 
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Fig. 2.5 (A): Change in absorbance on irradiation of an aqueous 
suspension of Acid Red 183 (AR183, 2) in the presence of Ti02. 
Fig. 2.5 (B): Change in concentration as a function of time on irradiation 
of an aqueous solution of Acid Red 183 in the presence and absence 
of TiO2. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm-2), absorbance was 
followed at 494 nm, photocatalyst: Ti02 Sachtleben Hombikat UV100 
(1gL-1), Acid Red 183 (0.30 mM), volume (250 mL), continuous 
stirring and air purging, irradiation time: 75 min 
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concentration of 2 in the presence and absence of Ti02 as a function of 
irradiation time. In this dye derivative, 69% decolourization takes place 
after 75 min of irradiation in the presence of Ti02 whereas in the 
absence of photocatalyst no observable decrease in the dye 
concentration could be seen. 
2.4.4 Photocatalysis of an aqueous solution of Acid Blue 29 (3) in 
the presence of Ti02 
The irradiation of dye derivative, 3 (0.05 mM, 250 mL) in the presence 
of Ti02 under analogous conditions also lead to the decolourization of 
the dye. Fig. 2.6 (A) shows the change in absorbance in the presence 
of Ti02 at different time intervals and Fig. 2.6 (B) shows the change in 
concentration as a function of time in the presence and absence of Ti02 
for irradiation of aqueous solution of 3. In this case 81% decolourization 
of the dye takes place after 15 min of irradiation in the presence of Ti02 
whereas no observable decrease in the dye concentration takes place 
in the absence of photocatalyst. 
The zero irradiation time reading was obtained from blank solutions kept 
in the dark, but otherwise treated similarly to the irradiated solutions. 
The curve for the change in substrate concentration as a function of 
irradiation time in the presence of Ti02 for the dye derivatives, 1-3 as 
shown in Figs. 2.4 (B)-2.6 (B) can be fitted reasonably well by 
exponential decay curve suggesting pseudo first order kinetics. 
2 
00 min 
03 min 
06 min 
09 min 
1 1 12 min 
0 15 min 
U) 
oi___r_.. - 	-- 
450 	500 550 	600 	650 	700 	750 	800 
Wavelength (nm) 
1.2 
1.0 
0.8 
0 
0.6 Cv ) 
0.4 
0.2 
0.0 
• AB29/hv 
t-- AB29 / by i Tio2 
0 	2 	4 	6 	8 	10 	12 	14 	16 
Irradiation Time (min) 
Fig. 2.6 (A): Change in absorbance on irradiation of an aqueous 
suspension of Acid Blue 29 (AB29, 3) in the presence of Ti02. 
Fig. 2.6 (B): Change in concentration as a function of time on irradiation 
of an aqueous solution of Acid Blue 29 in the presence and absence 
of Ti02. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm-2), absorbance was 
followed at 602 nm, photocatalyst: Ti02 Degussa P25 (1 gL-1), Acid 
Blue 29 (0.05 mM), volume (250 mL), continuous stirring and air 
purging, irradiation time: 15 min 
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As a representative example, Fig. 2.7 shows the linear regression curve 
fit for the natural logarithm of concentration vs. irradiation time for the 
decolourization of Acid Red 183 (2). For each experiment, the rate 
constant was calculated from the plot of natural logarithm of dye 
concentration as a function of irradiation time. 
The decolourization rate of the dye was calculated using formula given 
below; 
-d[C] / dt = kC" 	 (2) 
C = concentration of the pollutant, k = rate constant n = order of 
reaction. 
The decolourization rate was calculated in terms of mol L1 min-'. 
2.4.5 Photodecolourization of dye derivatives, 1-3 in presence of 
three different photocatalysts 
Earlier it has been reported that Degussa P25 (80°!° anatase and 20% 
rutile) showed better photocatalytic activity for the decolourization of 
acridine orange, ethidium bromide [32] xylenol orange [33] and 
bismarck brown, amaranth [34] whereas Hombikat UV100 (100% pure 
anatase) was found to be better for the decolourization of Fast Green 
FCF [35] ramazol brilliant blue R [36] benzidine and 1,2-diphenyl 
hydrazine [37]. These studies indicate that the photocatalytic activity of 
TiO2 samples also depends on the type of chromophore present in the 
molecule. We have also tested the photocatalytic activity of three 
different commercially available TiO2 powders, namely Degussa P25, 
2 	 20 	 40 	 60 	 80 
Irradiation Time (min) 
Fig. 2.7: Plot showing the linear regression curve fit for the natural 
logarithm of concentration of Acid Red 183 (AR183, 2) against 
irradiation time. 
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Hombikat UV100 and PC500 for the decolourization of dyes 1-3 under 
investigation. Figs. 2.8-2.10 show the decolourization rate of 1-3 in the 
presence of three different photocatalysts. It has been observed that the 
decolourization of dye derivatives, 1 and 3 was better in the presence of 
Degussa P25 while UV1 00 was found to be more efficient photocatalyst 
for the decolourization of dye derivative., 2 as compared with other 
samples. The dark adsorption results (Figs. 2.1-2.3) are in agreement 
with the photocatalytic behavior of Degussa P25 and UV100 for the 
decolourization of compounds 1-3. 
The reason for the better photocatalytic activity of Degussa P25 has 
been well discussed in Chapter 1, section 1.4.5. 
In all following experiments, the photocatalyst Degussa P25 was used 
for the decolourization of dye derivatives 1, 3 and UV100 for dye 
derivative 2 since this material exhibited the highest overall activity for 
the decolourization of dyes under investigation. 
2.4.6 Effect of pH on the photocatalytic decolourization of dye 
derivatives, 1-3 
In heterogeneous photocatalysis, pH of the reaction mixture plays an 
important role because it influences the charge on the catalyst surface, 
the aggregation number of particles and the position of conductance 
and valance band. In order to see the effect of pH on the 
decolourization kinetics we have studied the decolourization of all three 
azo dyes under investigation at different pH values employing both 
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Fig. 2.8: Comparison of decolourization rate of Direct Yellow 27 (DY27, 
1) in the presence of different types of photocatalysts. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Direct Yellow 27 (0.16 
mM), volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL 1), 
Sachtleben Hombikat UV100 (1 gL 1 ), Millennium PC500 (1 gL-1), light 
source: 125 W medium pressure mercury lamp (1.64-1.68 mWcm-2), 
continuous stirring and air purging, irradiation time: 75 min. 
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Fig. 2.9: Comparison of decolourization rate of Acid Red 183 (AR183, 
2) in the presence of different types of photocatalysts. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Red 183 (0.30 mM), 
volume (250 mL), photocatalyst: TiO2 Degussa P25 (1 9L'), Sachtleben 
Hombikat UV100 (1 gL-1), Millennium PC500 (1 gL'). light source: 125 
W medium pressure mercury lamp (1.64-1.68 mwcm-2), continuous 
stirring and air purging, irradiation time: 75 min. 
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Fig. 2.10: Comparison of decolourization rate of Acid Blue 29 (AB29, 3) 
in the presence of different types of photocatalysts. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Blue 29 (0.05 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL"1 ), Sachtleben 
Hombikat UV100 (1 gL-1), Millennium PC500 (1 gL"1), light source: 125 
W medium pressure mercury lamp (1.64-1.68 mWcm"2), continuous 
stirring and air purging, irradiation time: 15 min. 
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Degussa P25 (for compounds 1 and 3) and Hombikat UV100 (for 
compound 2) as photocatalyst. Figs. 2.11-2.13 show the 
decolourization rate of dye derivatives, 1-3 as a function of reaction pH. 
The results indicate that the decolourization rate of all the dye 
derivatives. 1-3 was better at lower pH values, which decreases with 
increase in initial reaction pH and the highest efficiency was observed at 
pH 4.1 (for dye 1), 3.6 (for dye 2) and pH 3.3 (for dye 3). The point of 
zero charge (pzc) of the TiO1 (Degussa P25) is widely reported at pt-I-
6.25 [38]. Thus, the TiO2 surface will remain positively charged in acidic 
medium (pH<6.25) and negatively charged in alkaline medium 
(pH>6.25) respectively, as shown in the following equations: 
TiOH + H' 	 TiOH2 	(3) 
TiOH + OR 	 TiO" + H2O 	(4) 
The better decolourization rate of dye derivatives, 1-3 at lower pH 
values could be rationalized on the basis of the fact that all three dyes 
contain sulphonate groups which could hydrolyse in aqueous solution 
[39]. Therefore, at these pH values the negatively charged dyes would 
adsorb more efficiently onto the positively charged Ti02 leads to better 
decolourization rate. In contrast, at high pH value, negative charge on 
TiO2 would repel the sulphonate ion thereby reducing the 
decolourization rate. 
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Fig. 2.11: Influence of pH on the decolourization rate of Direct Yellow 
27 (DY27, 1). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Direct Yellow 27 (0.16 
mM), volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL"'), 
reaction pH (4.1, 7.1, 9.5 and 1 1.9), light source: 125 W medium 
pressure mercury lamp (1.64-1.68 mWcm"z), continuous stirring and air 
purging, irradiation time: 75 min. 
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Fig. 2.12: Influence of pH on the decolourization rate of Acid Red 183 
(AR183, 2). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Red 183 (0.30 mM), 
volume (250 mL), photocatalyst: Ti02 Sachtleben Hombikat UV100 
(lgL 1 ), reaction pH (3.6, 5.9, 8.2, 10.6), light source: 125 W medium 
pressure mercury lamp (1.64-1.68 mWcm"2), continuous stirring and air 
purging. irradiation time: 75 min. 
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Fig. 2.13: Influence of pH on the decolourization rate of Acid Blue 29 
(AB29, 3). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Blue 29 (0.05 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL-1), reaction pH 
(3.3. 5.6, 8.2, 10.8), light source: 125 W medium pressure mercury 
lamp (1.64-1.68 mWcm-2), continuous stirring and air purging, irradiation 
time: 15 min. 
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2.4.7 Effect of substrate concentration on the photocatalytic 
decolourization of dye derivatives, 1-3 
In the photocatalytic decolourization of dye derivatives studies in first 
chapter, the decolourization rate was found to increase with the 
increase in substrate concentration to some extent and a futher 
increase in concentration lead to the decrease in decolourization rate. 
Threfore we have studied the effect of substrate concentration for the 
decolourization of dye derivatives,1-3 in the presence of Degussa P25 
(for 1 and 3) and Hombikat UV100 (for 2) in order to determine the 
optimal substrate concentration for efficient decolourization. Figs. 2.14-
216 show the decolourization rate of dyes 1-3 as a function of substrate 
concentration. In the case of dye derivative, 1 the decolourization rate 
was found to increase from 0.100 mM to 0.130 mM and a further 
increase in substrate concentration lead to decrease in the 
decolourization rate. On the other hand in case of 2 and 3 the rate was 
found to increase with the increase in substrate concentration from 0.20 
mM to 0.25 mM and 0.035 mM to 0.040 mM respectively. This may be 
due to the fact that on increasing the dye concentration the colour of 
the stock solution becomes more and more intense which prevents the 
penetration of light to the surface of the catalyst during the irradiator 
process. Hence, the generation of relative amount of 'OH and Or on 
the surface of the catalyst do not increase, as the intensity of light and 
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Fig. 2.14: Influence of substrate concentration on the decolourization 
rate of Direct Yellow 27 (DY27, 1). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Direct Yellow 27 (0.100, 
0.115, 0.130, 0.145, 0.160 and 0.175 mM), volume (250 mL), 
photocatalyst: Ti02 Degussa P25 (1 gL-1 ), light source: 125 W medium 
pressure mercury lamp (1.64-1.68 mWcm-Z), continuous stirring and air 
purging, irradiation time: 75 min. 
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Fig. 2.15: Influence of substrate concentration on the decolourization 
rate of Acid Red 183 (AR183, 2). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Red 183 (0.20, 0.25, 
0.30, 0.35 and 0.40 mM), volume (250 mL), photocatalyst: Ti02 
Sachtleben Hombikat UV100 (1 gL-'), light source: 125 W medium 
pressure mercury lamp (1.64-1.68 mWcm ), continuous stirring and air 
purging, irradiation time: 75 min. 
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Fig. 2.16: Influence of substrate concentration on the decolourization 
rate of Acid Blue 29 (AB29, 3). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Blue 29 (0.035, 0.040, 
0.050 and 0.060 mM), volume (250 mL), photocatalyst: Ti02 Degussa 
P25 (1 gL-'), light source: 125 W medium pressure mercury lamp (1.64-
1.68 mWcm-2), continuous stirring and air purging, irradiation time: 15 
min. 
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irradiation time is constant. As a result, the decolourization efficiency of 
the dye decreases with increase in dye concentration. 
This suggests that as the initial concentration of the dye increases, the 
requirement of catalyst surface needed for the degradation also 
increases. Since the intensity of light, irradiation time and amount of 
catalyst are constant, the hydroxyl radical formed on the surface of TiO2 
is also constant. So the relative number of free radicals attacking the 
dye molecules decreases. As a result, the decolourization efficiency of 
the dye decreases with increasing in dye concentration. 
2.4.8 Effect of catalyst loading on the photocatalytic 
decolourization of dye derivatives, 1-3 
The effect of catalyst concentration on the decolourization kinetics of 
dye derivatives, 1-3 were investigated for efficient decolourization in 
order to avoid excess catalyst loading. Figs. 2.17-2.19 show the 
decolourization rate for dye derivatives, 1-3 in presence of different 
loadings of Degussa P25 (for 1, 3) and Hombikat UV100 (for 2). In the 
case of 1, the rate was found to increase with the increase in catalyst 
loading from 0.5 9L1  to 3 gL1  and for 2 and 3, from 0.5 gL" to 2 gL' 
respectively. A further increase in the catalyst loading beyond this range 
lead to the decrease in the decolourization rate in all three dyes. This 
may be due to fact that at higher catalyst loading, the tendency towards 
agglomeration (particle to particle interaction) also increases leading 
to the reduction in the surface area available for light absorption and 
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Fig. 2.17: Influence of catalyst concentration on the decolourization rate 
of Direct Yellow 27 (DY27, 1). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Direct Yellow 27 (0.16 
mM), volume (250 mL), photocatalyst: Ti02 Degussa P25 (0.5, 1, 2, 3 
and 4 gL 1 ), light source: 125 W medium pressure mercury lamp (1.64-
1.68 mWcm-2), continuous stirring and air purging, irradiation time: 75 
min. 
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Fig. 2.18: Influence of catalyst concentration on the decolourization rate 
of Acid Red 183 (AR183, 2). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Red 183 (0.30 mM), 
volume (250 mL), photocatalyst: Ti02 Sachtleben Hombikat UV100 (0.5, 
1, 2 and 3 gL-' ), light source: 125 W medium pressure mercury lamp 
(1.64-1.68 mWcm*2), continuous stirring and air purging, irradiation time: 
75 min. 
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Fig. 2.19: Influence of catalyst concentration on the decolourization rate 
of Acid Blue 29 (AB29, 3). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Blue 29 (0.05 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (0.5, 1, 2 and 3 
gL- ), light source: 125 W medium pressure mercury lamp (1.64-1.68 
mWcm" ), continuous stirring and air purging, irradiation time: 15 min. 
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hence a drop in the photocatalytic decolourization rate was observed at 
higher catalyst loading. Our results for the effect of catalyst 
concentration on the decolourization of 1-3 are in agreement with 
numerous studies reported earlier [40-42]. 
2.4.9 Effect of electron acceptors on the photocatalytic 
decolourization of dye derivatives, 1-3 
In semiconductor mediated photo-induced electron transfer reactions, 
electron-hole pair recombination is the major energy wasting step 
leading to low efficiency in the photochemical reactions. Hence the 
prevention of electron-hole recombination becomes very important. In 
order to inhibit undesired electron-hole pair recombination cr/and to 
enhance the formation of hydroxyl radicals, proper irreversible electron 
acceptors such as hydrogen peroxide and potassium bromate were 
used in addition to Ti02 and atmospheric oxygen to study the 
decolourization of .dyes 1-3 under investigation. 
The decolourization rate of 1-3 in the presence of TiO2 containing 
hydrogen peroxide and potassium bromate is shown in Figs. 2.20-2.22. 
Both the additives were found to enhance the decolourization rate 
markedly for all three dyes. 
A detailed discussion regarding the effect of electron acceptors on the 
enhancement efficiency for the decolourization of dyes in terms of 
equations producing reactive species and their reductional potential has 
already been indicated in Chapter 1, section 1.4.9. 
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Fig. 2.20: Comparison of dcolourization rate of Direct Yellow 27 (DY27, 
1) in the presence of different electron acceptors. 
Experimental conditions: Reaction vessel, immersion well 
photochemical reactor made of Pyrex glass, Direct Yellow 27 (0.16 
mM), volume (250 mL), photocatalyst: Ti02  Degussa P25 (1 gL-'), 
electron acceptors: KBrO3 (3 mM) and H2O2 (10 mM), light source 125 
W medium pressure mercury lamp (1.64-1.68 mwcm 2), continuous 
stirring and air purging, irradiation time: 75 min. 
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Fig. 2.21: Comparison of decolourization rate of Acid Red 183 (AR183, 
2) in the presence of different electron acceptors. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Red 183 (0.30 mM), 
volume (250 mL), photocatalyst: Ti02 Sachtleben Hombikat UV100 (1 
gL"1 ), electron acceptors: KBrO3 (3 mM) and H202 (10 mM), light 
source: 125 W medium pressure mercury lamp (1.64-1.68 mWcm,2), 
continuous stirring and air purging, irradiation time: 75 min. 
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Fig. 2.22: Comparison of decolourization rate of Acid Blue 29 (AB29, 
3) in the presence of different electron acceptors. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Blue 29 (0.05 mM).. 
volume (250 mL), photocatalyst, Ti02 Degussa P25 (1 gL'), electron 
acceptors: KBr03 (3 mM) and H202 (10 mM), light  source'. 125 W 
medium pressure mercury lamp (1.64-1.66 mWcm 2). continuous stirring 
and air purging, irradiation time: 15 min. 
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2.4.10 Photocatalysis of dye derivatives, 1-3 under sunlight 
Wastewater treatment based on these processes. using sunlight is 
preferred from the application point of view. Therefore we have studied 
the decolourization of dyes 1-3 in the presence of sunlight under 
analogous conditions. Figs. 2.23-2.25 show the change in 
concentration as a function of irradiation time on illumination of an 
aqueous suspension of dye derivatives 1-3, respectively in the presence 
and absence of TiO2 under sunlight and UV light source. All the 
compounds were found to decolourize under sunlight as well with a 
lower rates as compare to UV-light source. Blank experiments were 
carried out in the absence of Ti02 where no observable loss of the 
compounds could be seen. 
2.5 Conclusion 
The results of these studies clearly indicate that Ti02 can efficiently 
photodecolourize all three dye derivatives investigated in this chapter in 
the presence of light and atmospheric oxygen. Our results indicate that 
cromium incorporated dye derivative 2 decolourizes more efficiently in 
the presence of Hombikat UV100 whereas in the case of compounds I 
and 3 better decolourization rates were observed with Degussa P25. All 
three dyes were found to decolourize more efficiently under acidic pH 
and rates were found to decrease slowly with the increase in pH of the 
reaction mixture. The highest decolourization rates were observed at 
catalyst loading of 3 gL-' for compound I and 2 gL"' for compounds 2 
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Fig. 2.23: Change in concentration as a function of time on irradiation of 
an aqueous suspension of Direct Yellow 27 (DY27, 1) in the presence 
and absence of Ti02 under sunlight and UV-light source. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm-2), light source: 
sunlight (0.55-0.58 mWcm-2), absorbance was followed at 393 nm. 
photocatalyst: Ti02 Degussa P25 (1 gL-1 ), Direct Yellow 27 (0.16 mM), 
volume (250 mL), continuous stirring and air purging, irradiation time: 75 
min. 
95 
1.0 
0.8 
U_ 
0.6 
04 
0.2 
—0-- AR1831 Sunlight  
AR183/ /Might 
—t— AR183 I Sunlightl UV100 
E AR183/ UVlight / UV100 
12 
20 	40 	60 	80 
Irradiation Time (min) 
Fig. 2.24: Change in concentration as a function of time on irradiation of 
an aqueous suspension of Acid Red 183 (AR183, 2) in the presence 
and absence of Ti02 under sunlight and UV-light source. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm 2), light source: 
sunlight (0.55-0.58 mWcm 2), absorbance was followed at 494 nm, 
photocatalyst: Ti02 Sachtleben Hombikat UV100 (1 gL'), Acid Red 183 
(0.30 mM), volume (250 mL), continuous stirring and air purging. 
irradiation time 75 min. 
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Fig. 2.25: Change in concentration as a function of time on irradiation of 
an aqueous suspension of Acid Blue 29 (AB29, 3) in the presence and 
absence of Ti02 under sunlight and UV-light source. 
Experimental conditions: Reaction vessel immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 urWcm `), light source: 
sunlight (0.55-0.58 mWcm z), absorbance was followed at 602 rm, 
photocatalyst: Ti02 Degussa P25 (1 gL-1), Acid Blue 29 (0.03 mM), 
volume (250 mL), continuous stirring and air purging, irradiation time: 15 
min. 
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and 3. The decolourization rates were found to enhance in the presence 
of electron acceptors such as KBrO3 and H202 and highest rates were 
observed with H202 for all three compounds. 
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Chapter 3 
PHOTOCATALYTIC DEGRADATION OF THREE SELECTED 
ORGANIC POLLUTANTS, METALAXYL, TINIDAZOLE AND 
IMIDACLOPRID IN AQUEOUS SUSPENSIONS OF TITANIUM 
DIOXIDE' 
3.1 Abstract 
Photocatalytic degradation of Metalaxyl (1) and Tinidazole (2) 
(monitored by TOO depletion as a function of time) in the presence of 
Ti02/H202 and degradation of Imidacloprid (3) (monitored UV 
spectrophotometrically by measuring the change in absorbance as a 
function of time) in the presence of Ti02 has been investigated in 
aqueous suspensions with molecular oxygen under a variety of 
conditions. In addition, the degradation of all three model pollutants was 
also studied using HPLC analysis technique. A detailed degradation 
kinetics of 1-3 were studied under different conditions such as types of 
Ti02 powder [Pure Anatase (Hombikat UV100 and PC500)/Anatase-
Rutile mixture (Degussa P25)], initial reaction pH, catalyst dosage, 
substrate concentration, and hydrogen peroxide (H202) concentration. 
The rates were found to be strongly influenced by all the above 
parameters. The photocatalyst Degussa P25 was found to be more 
efficient for degradation for all three compounds as compare to other 
two Ti02 samples. The degradation of 1-3 was also carried out under 
sunlight and the efficiency was compared with that of the artificial light 
source. An attempt has also been made to identify the intermediate 
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products formed during the photooxidation process of 1-2 using GC-MS 
analysis technique. Both the compounds show the formation of several 
by-products. A probable pathway for the formation of different products 
has been proposed. 
3.2 Introduction 
In recent years, the worldwide intensive use of pesticides and other 
organic pollutants is the cause of contamination of soil and water 
resources. These pollutants, due to their chemical stability, resistant to 
biodegradation and with sufficient water solubility penetrate deep into 
the ground water. A large number of pesticides have been detected in 
both surface and ground water in different localities all over the world [2-
4]. Therefore, this contaminated water should be purified before it is 
used for any useful purpose. A pesticide derivative such as Metalaxyl 
(1) (shown in chart 3.1) is a systemic fungicide used to control plant 
diseases caused by oomycete fungi. Due to its broad-spectrum activity. 
Metalaxyl is used world-wide on a variety of fruit and vegetable crops 
[5]. Moreover, Tinidazole (2), an organic pollutant that belongs to 
nitroimidazoles, is one of the most recognizable anti-microbial agents, 
which are extensively used as antiamoebic, antiprotozoal and 
antibacterial drugs [6]. The members of this group are extremely useful 
in clinical activity against anaerobic pathogens that include both gram-
negative and gram-positive bacteria, in addition to wide range 
of protozoans [7]. Imidacloprid (3) is a neonicotinoids, a new class of 
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Chart 3.1: Chemical structure of organic pollutants 
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insecticide, which is used for over 140 agricultural crops on turfs, pets 
and for household pests [8] specially it is a chloronicotinyl and systemic 
insecticide which act on neuronal pathway [9]. 
The photocatalytic oxidation of 1 in the presence of TiO2 in aqueous 
medium has been reported to give a number of by products [10]. The 
removal of compound 2 from the water by using ozone and activated 
carbon by static/dynamic regime has been studied earlier [11]. Few 
studies relating to the photocatalytic degradation and mineralization of 
compound 3 using Ti021Ti electrode [12], SDSITi02 and SDSIAg[Ti02 
[9], immobilized TiO2  [13, 14], Ti02 supported mesoporous SBA-15 [15] 
using photo-Fenton reagent S]  and adsorption onto granular activated 
carbon [16] have been reported in the literature. Inspite of these studies 
no major efforts have been made to study the detailed degradation 
kinetics of these compounds, which is essential for any practical 
application. Therefore, we have made a detailed study on the 
mineralization of Metalaxyl (1), Tinidazole (2) and degradation of 
Imldacloprid (3), in aqueous suspensions of Ti02 under a variety of 
conditions such as type of photocatalyst (Pure Anatase/Anatase-Rutile 
mixture), reaction pH, substrate concentration, catalyst loading and 
electron acceptor like hydrogen peroxide (H202) besides molecular 
oxygen. 
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3.3 Experimental methods 
3.3.1 Reagents and chemicals 
Analytical grade Metalaxyl (1), Tinidazole (2), and Imidacloprid (3) were 
obtained from Sigma-Aldrich. Double distilled water was employed in all 
experiments. Three commercially available Ti02 powders namely 
Degussa P25 (Degussa AG) [17] Hombikat UV100 (Sachtleben Chemie 
GmBH) [18] and PC500 (Millennium Inorganic) [18] have been 
employed to test the degradation of all the organic pollutants under 
investigation. Degussa P25 consists of 80% anatase and 20% rutile 
with a specific BET surface area of 50 m2g-' and a primary particle size 
of 20 nm [19]. Hombikat UV100 consists of 100% pure anatase with a 
specific BET surface area of 250 m2g-' and a primary particle size of 5 
nm [20]. The photocatalyst PC500 has a BET surface area of 287 m2g-',  
with 100% anatase and primary particle size of 5-10 nm [21]. The other 
chemical such as NaOH, HNO3 and H202, used in the study were 
obtained from Merck. 
3.3.2 Procedure 
Stock solution of the organic pollutants containing desired 
concentrations were prepared in double distilled water. An immersion 
well photochemical reactor made of Pyrex glass equipped with a 
magnetic stirring bar, water circulating jacket and an opening for supply 
of atmospheric oxygen was used. 
For irradiation experiments, 250 mL aqueous solution of the organic 
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pollutants with desired concentration was taken into the photoreactor 
and required amount of photocatalyst was added. The solution was 
stirred and bubbled with atmospheric oxygen for at least 15 minutes in 
the dark to allow equilibration of the system so that the loss of 
compound due to adsorption can be taken into account. The zero time 
reading was obtained from blank solution kept in the dark but otherwise 
treated similarly to the irradiated solution. The suspensions were 
continuously purged with atmospheric oxygen throughout each 
experiment. Irradiations were carried out using a 125 W medium 
pressure mercury lamp. The light intensity falling on the solution was 
measured using a UV-light intensity detector (Lutron UV-340) and was 
found to be 1.64-1.68 mWcm2. IR radiation and short wavelength UV 
radiation were eliminated by a water circulating Pyrex glass jacket. 
Samples (10 mL) were collected before and at regular intervals during 
the irradiation and analyzed after centrifugation. 
For sunlight experiments, an aqueous suspension of organic pollutants, 
1-3 containing Ti02  was exposed to solar radiation in the same reaction 
vessel which was used for UV irradiation under analogous conditions 
The sunlight intensity was measured using light intensity detector and 
was found to be in the range between 0.55-0.58 mWcm 2  
3.3.3 Analysis 
3.3.3.1 Photomineralization of organic pollutants 
The photomineralization of organic pollutants, 1-2 was monitored using 
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Total Organic Carbon Analyzer (Shimadzu TOCVCSH) [22]. The main 
principle of TOC Analyzer involves the use of carrier gas (oxygen). 
which is flow-regulated (150 mL min 1 ) and allows to flow through the 
total carbon (TC) combustion tube, which is packed with platinum 
catalyst, and heated at 680 -C. When the sample is injected via the 
sample pretreatmenuinjection system into the combustion tube! TC in 
the sample is oxidized to carbon dioxide and water. The carrier gas.. 
containing the oxidation products, exits the combustion tube and passes 
through the dehumidifier where it is cooled and the moisture is 
removed. The gas then passes through the halogen scrubber to remove 
halides that may damage the detection cell. The gas then enters the 
sample side of the non-dispersive infrared detector (NDIR), where the 
carbon dioxide is detected. The NDIR signal (analog signal) is 
converted to a peak profile, and the peak area is calculated by the data 
processor. To express this peak area as a ratio of TO concentration in 
the sample, the relationship of TC concentration to peak area is 
determined using a TO standard solution (external standard calibration 
method). TO is composed of TOO (Total Organic Carbon) and IC 
(inorganic carbon). A small amount of hydrochloric acid is added to 
acidify the sample to convert all IC to carbon dioxide (CO2). Carrier gas 
(purified air) is sparged through the sample to sweep the CO2 into the 
NDIR detector. The IC concentration in the sample is measured in a 
similar fashion as the TC. The IC is a combination of carbonates and 
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bicarbonates, Subtracting the IC concentration from the TC 
concentration will determine the TOC concentration by difference. 
3.3.3.2 Photodegradation of organic pollutant 
The photodegradation of organic pollutant, 3 was monitored by 
measuring the change in absorbance at its kmax (270 nm) as a function 
of irradiation time using UV spectroscopic analysis technique 
(Shimadzu UV-Vis 1601). The absorption intensity was used to 
calculate the concentration using standard calibration curve obtained 
from the absorbance of the compound at different known 
concentrations. 
The photodegradation of 1-3 was also followed using HPLC analysis 
technique (Waters, 515 HPLC Pump and 2489 UVfVisible Detector) 
using acetonitrile: water (30:70) mixture as eluent on C18 column with 
3.5 µm (4.6 x 75 mm). 
3.3.3.3 Characterization of intermediate products 
For the characterization of intermediate products, an aqueous solution 
of the organic pollutants 1 or 2 (250 mL) was taken in an immersion well 
photochemical reactor in the presence of Ti02 (2 gL'). The solution was 
irradiated with a 125 W medium pressure mercury lamp (Philips) at 
different time interval with constant stirring and bubbling of atmospheric 
oxygen. Ti02 was removed by filtration and the filtrate was extracted 
with chloroform, which was subsequently dried over anhydrous sodium 
sulphate and the solvent was removed under reduced pressure to give 
a residual mass. which was analyzed by GC-MS. For GC-MS analysis. 
Perkin Elmer (GC-MASS CLARUS-680) which was equipped with PE-
5MS capillary column (length 30 m, A. (250 pm), operating temperature 
programmed as (injection temperature 50 °C, which is raised to 250 °C 
at the rate of 10 °C min- '), in splitless mode of injection volume 1.0pL 
with helium as a carrier gas was used. 
3.4 Results and Discussion 
3.4.1 Photocatalytic degradation of Metalaxyl (1) in aqueous 
suspension of Ti02 and H202 
Photocatalytic degradation of Metalaxyl (1, 1.0 mM, 250 mL) was 
studied in the presence of Ti02 (Degussa P25, 1 gL - ') containing 
molecular oxygen with and without H202. Fig. 3.1 shows the depletion 
in TOC content as a function of time on irradiation of an aqueous 
suspension of compound 1 in the presence of Ti02 containing molecular 
oxygen with and without H202. It could be seen from the figure that 
degradation was almost negligible when the irradiation was carried out 
in the presence of Ti02 without H2O2. On the other hand 65% 
degradation was observed in 180 min when irradiation was carried out 
in the presence of Ti02 with H202 under molecular oxygen. Blank 
experiment was carried out by irradiating the aqueous solution of the 
compound in the absence of photocatalyst and in the presence of H202 
without photocatalyst, where no observable TOC depletion was found 
as shown in the Fig. 3.1. 
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Fig. 3.1: Depletion in TOC content as a function of time on irradiation of 
an aqueous solution of Metalaxyl (ML, 1) in the presence and absence 
of Ti02, with and without H202. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm"2), photocatalyst: 
Ti02 Degussa P25 (1 gL-'), Metalaxyl (1.0 mM), H202 (50 mM), volume 
(250 mL), continuous stirring and air purging, irradiation time: 180 min. 
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The degradation of compound 1 was also monitored using HPLC 
analysis technique. Fig. 3.2 shows the HPLC run for irradiation of an 
aqueous solution of 1 in the presence of TiO2/H202 at different time 
intervals. The intensity of the starting material peak appearing at 
retention time tR = 1.264 was found to decrease with the increase in 
irradiation time and appearance and increase in intensity of new peaks 
with increasing irradaition time indicate the formation of several 
intermediate products. 
3.4.2 Photocatalytic degradation of Tinidazole (2) in aqueous 
suspension of Ti02 and H202 
Photocatalytic degradation of Tinldazole (2, 0.75 mM, 250 mL) was 
studied in the presence of Ti02 with and without H202 under analogous 
condition. Fig. 3.3 shows the depletion in TOC content as a function of 
time on irradiation of an aqueous suspension of compound 2 in the 
presence of TiO2 under different conditions. It could be seen from the 
figure that only 19% degradation was observed on the irradiation of 2 in 
the presence of Ti02 in 180 min which was increase to 55% when H202  
was used. Blank experiment was carried out by irradiating the aqueous 
solution of the compound in the absence of photocatalyst and in the 
presence of H202 without photocatalyst. It is pertinent to mention here 
that 17 % degradation was observed when irradiation of 2 was carried 
out in the presence of Hi02 without Ti02. 
114 
0.32 
030 
O. 26  
02 -
I. 022 
020 
0.15 
O 18 
O 14 _ 
0 12-
0 1O-
O.O~ 
O 05. 
O. Oa- 
0,02- 
0-00 
I75 
T60 
T45 
T=30 
T=15 
TAU 
100 	 2.00 
Reteulion Time (min) 
Fig. 3.2: HPLC analysis of an irradiated mixture of Metalaxyl (1) in the 
presence of Ti02 at different time intervals. 
Experimental conditions: HPLC column C-18, Eluent acetonitrile: 
water (70:30), reaction vessel: immersion well photochemical reactor 
made of Pyrex glass, Light source: 125 W medium pressure mercury 
lamp (1.64-1.68 mWcm ), photocatalyst: TiO2 Degussa P25 (1 gL- '), 
Metalaxyl (1.0 mM), H202 (50 mM), volume (250 mL), continuous 
stirring and air purging, irradiation time: 75 min. 
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Fig. 3.3: Depletion in TOC content as a function of time on irradiation of 
an aqueous solution of Tinidazote (TN, 2) in the presence and absence 
of Ti02, with and without H202. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm-2), photocatalyst: 
Ti02 Degussa P25 (1 gL- '), Tinidazole (0.75 mM), H202 (50 mM), 
volume (250 mL), continuous stirring and air purging, irradiation time: 
180 min. 
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The photocatalytic degradation of the compound was also monitored 
using HPLC analysis technique. Fig. 3.4 shows the HPLC run for 
irradiation of an aqueous solution of 2 in the presence of Ti02/H202 at 
different time intervals. The intensity of the starting material peak 
appearing at retention time tR = 0.835 was found to decrease with 
increase in irradiation time and disappeared completely in 90 min and 
appearance of new peaks indicate the formation of several intermediate 
products. 
3.4.3 Photocatalysis of an aqueous solution of Imidacloprid (3) in 
the presence of Ti02 
The photocatalytic degradation of compound 3 (0.1 mM. 250 mL) in the 
presence of Ti02 was monitored by UV spectrophotometrically. Fig. 3.5 
(A) shows the decrease in absoption intensity at its i.max  (270 nm) on 
irradiation of an aqueous solution of 3 with a 125 W medium pressure 
mercury lamp in the presence of Ti02 at different time intervals with 
constant stirring and bubbling of atmospheric oxygen. Fig. 3.5 (B) 
shows the change in concentration as a function of time on irradiation of 
an aqueous solution of 3 in the presence and absence of photocatalyst. 
It is interesting to note that 97% degradation of the compound takes 
place in 90 min of irradiation in the presence of Ti02 whereas in the 
absence of photocatalyst no observable loss of compound was seen. 
In HPLC run, the starting material peak appearing at retention time tR = 
0.884 min was found to decrease with the increase in irradiation time 
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Fig. 3.4: HPLC analysis of an irradiated mixture of Tinidazole (2) in the 
presence of Ti02 at different time intervals. 
Experimental conditions: HPLC column C-18, Eluent acetonitrile: 
water (70:30), reaction vessel: immersion well photochemical reactor 
made of Pyrex glass, Light source: 125 W medium pressure mercury 
lamp (1.64-1.68 mWcm ), photocatalyst: Ti02 Degussa P25 (1 gL'), 
Tinidazole (0.75 mM), H202 (50 mM), volume (250 mL), continuous 
stirring and air purging, irradiation time: 90 min. 
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Fig. 3.5 (A): Change in absorbance on irradiation of an aqueous 
suspension of Imidacloprid (IM, 3) in the presence of Ti02. 
Fig. 3.5 (6): Change in concentration as a function of time on irradiation 
of an aqueous solution of Imidacloprid (IM, 3) in the presence and 
absence of Ti02. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm-2), absorbance was 
followed at 270 nm, photocatalyst: Ti02 Degussa P25 (1 gL-'), 
Imidacloprid (0.1 mM), volume (250 mL), continuous stirring and air 
purging, irradiation time: 90 min. 
III 
and appearance of new peak at tR = 0.600 min after 5 minutes of 
irradiation increases initially and then decreases as shown in Fig. 3.6. 
The zero irradiation time reading was obtained from blank solutions kept 
in the dark, but otherwise treated similarly to the irradiated solutions. 
The mineralization curve (TOC vs time) for compounds 1 and 2 shown 
in Figs. 3.1 and 3.3 and the degradation curve (concentration vs time) 
for compound 3 shown in Fig. 3.5 (B) can be fitted reasonably well by 
exponential decay curve suggesting pseudo first order kinetics. As a 
representative example. Fig. 3.7 shows the linear regression curve fit 
for the natural logarithm of TOC vs. irradiation time for the 
mineralization of 1. For each experiment, the rate constant was 
calculated from the plot of natural logarithm of TOC for 1 and 2 and 
concentration for 3 as a function of irradiation time. The mineralization 
and degradation rate of organic pollutants was calculated in terms of 
mol L' min- ' using equations 1 and 2 respectively; 
-d [TOO] I dt = kC" 	 (1) 
TOC = Total Organic Carbon, C = concentration of the pollutant, k = 
rate constant, n = order of reaction. 
-d[C] / dt = kCn 
	
(2) 
C = concentration of the pollutant, k = rate constant, n = order of 
reaction. 
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Fig. 3.6: HPLC analysis of an irradiated mixture of Imidacloprid (3) in 
the presence of Ti02 at different time intervals. 
Experimental conditions: HPLC column C-18, Eluent acetonitrile: 
water (70:30), reaction vessel: immersion well photochemical reactor 
made of Pyrex glass, Light source: 125 W medium pressure mercury 
lamp (1.64-1.68 mWcm ), photocatalyst: TiO2 Degussa P25 (1 gL-'), 
Imidacloprid (0.1 mM), volume (250 mL), continuous stirring and air 
purging, irradiation time: 90 min. 
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Fig. 3.7: Plot showing the linear regression curve fit for the natural 
logarithm of TOC of Metalaxyl (ML, 1) against irradiation time. 
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3.4.4 Photodegradation of organic pollutants, 1-3 in presence of 
three different photocatalysts 
We have studied the degradation of compounds 1-3 in the presence of 
three commercially available Ti02 powders namely Degussa 
P25. Hombikat UV100, and PC500 in order to see the effect of 
Anatase/Anatase-Rutile mixture on degradation rate. The rate obtained 
for the degradation of organic pollutants 1-3 in presence of three 
different types of Ti02 samples is shown in Figs. 3.8-3.10. The 
photocatalyst Degussa P25 was found to be better for the degradation 
of all the compounds as compared to other photocatalyst. 
The reason for the better photocatalytic activity of Degussa P25 has 
been well discussed in Chapter 1, section 1.4.5. 
In all following experiments, Degussa P25 was used as the 
photocatalyst, since this material exhibited the highest overall activity for 
the degradation of the organic pollutants. 
3.4.5 Effect of pH on the photocatalytic degradation of organic 
pollutants, 1-3 
The photocatalytic degradation of the organic pollutants 1-3 were 
investigated at different pH values, which is one of the most important 
parameter in heterogeneous photocatalysis, since it influences the 
surface charge properties of the photocatalyst and therefore the 
adsorption behaviour of the pollutants. Employing Degussa P25 as 
photocatalyst the rate of degradation for organic pollutants, 1-3 was 
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Fig. 3.8: Comparison of mineralization rate of Metalaxyl (ML, 1) in the 
presence of different types of photocatalysts. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass. Metalaxyl (1.0 mM), 
volume (250 mL), photocatalyst: 7102  Degussa P25 (I gL), Sachtleben 
Hombikat UV100 (1 gL'), Millennium PC500 (1 ge'), H202 (50mM),light 
source: 125 W medium pressure mercury lamp (1.64-1.68 mwcm2), 
continuous stirring and air purging, irradiation time: 180 min. 
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Fig. 3.9: Comparison of mineralization rate of Tinidazole (TN, 2) in the 
presence of different types of photocatalysts. 
Experimental conditions: Reaction vessel. immersion well 
photochemical reactor made of Pyrex glass, Tinidazole (0.75 mM), 
volume (250 mL), photocatalyst TiO2 Degussa P25 (1 9L'), Sachtleben 
Hombikat UV100 (1 gL-'), Millennium PC500 (1 gL'), H202 (50mM),light 
source: 125 W medium pressure mercury lamp (1.64-1.68 mWcm z ), 
continuous stirring and air purging, irradiation time 180 min. 
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Fig. 3.10: Comparison of degradation rate of Imidacloprid (IM, 3) in the 
presence of different types of photocatalysts 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Imidacloprid (0.1 Ti 
volume (250 mL), photccatalyst TiO2 Degussa P25 (1 gL'), Sachtleben 
Hombikat UV100 (1 gL 1), Millennium PC500 (1 gL" ), light source: 125 
W medium pressure mercury lamp (1.64-1.68 mWcm2). continuous 
stirring and air purging, irradiation time 90 min. 
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studied in the pH range between 3-12. Figs. 3.11-3.13 show the 
degradation rate for the organic pollutants, 1-3 as a function of pH It 
could be seen from the figure that the compounds 1 and 2 can degrade 
more efficiently under acidic pH and highest degradation rate was 
observed at pH 3.1 for 1 and pH 3.7 for 2 which slowly decreases with 
increase in pH. On the other hand in the case of 3 the rate was found to 
increase with increase in pH and highest degradation rate was 
observed at pH 11.5. 
The interpretation of pH effect on the photocatalytic process is very 
difficult because of its multiple roles such as electrostatic interactions 
between the semiconductor surface. solvent molecules, substrate and 
charged radicals formed during the reaction process. The ionization 
state of the surface of the photocatalyst can be protonated and 
deprotonated under acidic and alkaline conditions, respectively, as 
shown in the following equations, 
TiOH + H' 	 TiOH2 	 (3) 
TiOH + OH 	 Ti0 + H2O 	(4) 
The zero point of charge (pHzpc) of Degussa P25 has been reported as 
6.25 [23]. Hence, at more acidic pH values, the particle surface 
is positively charged, while at pH values above pHzpc, it is negatively 
charged. The better degradation rate of compounds 1 and 2 in acidic pH 
and compound 3 in alkaline pH may be attributed to the fact that the 
structural orientation of these compounds is favoured for the attack of 
1 11 
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Fig. 3.11: Influence of pH on the mineralization rate of Metalaxyl (ML. 
1). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Metalaxyl (1.0 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL-1), reaction pH 
(3.1 , 6.2, 8.9 and 11.9), light source: 125 W medium pressure 
mercury lamp (1.64-1.68 mWcm,2), continuous stirring and air purging. 
irradiation time: 180 min. 
128 
0.006 T  
0005- 
0004- 
0 
E 
0003- 
0002- 
0001 - 
0.000 1 
2 	 4 	 6 	 8 	 10 	12 
pH 
Fig. 3.12: Influence of pH on the mineralization rate of Tinidazole (TN, 
2). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Tinidazole (0.75 mM). 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL"'), reaction pH 
(3.7, 6.2. 8.7. 11.5), light source: 125 W medium pressure mercury 
lamp (1.64-1.68 mWcm-2), continuous stirring and air purging, irradiation 
time: 180 min. 
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Fig. 3.13: Influence of pH on the degradation rate of Imidacloprid (IM, 
3). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Imidacloprid (0.10 mM), 
volume (250 mL). photocatalyst: Ti02 Degussa P25 (1 gL-'), reaction pH 
(3.7, 6.3, 8.8, 11 .5), light source: 125 W medium pressure mercury 
lamp (1.64-1.68 mWcm"2), continuous stirring and air purging, irradiation 
time: 90 min. 
130 
the reactive species under these conditions. 
3.4.6 Effect of substrate concentration on the photocatalytic 
degradation of organic pollutants, 1-3 
The effect of substrate concentration on the photocatalytic degradation 
of organic pollutants, 1-3 was studied at different initial concentrations in 
the presence of Ti02. The degradation of 1 and 2 was monitored by 
measuring TOC depletion and 3 by change in concentration as a 
fuention of irradiation time. Figs. 3.14-3.16 show the degradation rate of 
organic pollutants 1-3 as a function of varying substrate concentration 
employing Degussa P25 as photocatalyst. In case of compounds I and 
2, the rates were found to increase with the increase in substrate 
concentration from 0.5 mM to 3.0 mM for 1 and from 0.25 mM to 0.75 
mM for 2. A further increase in substrate concentration led to slight 
decrease in the degradation rate of both compounds. Whereas in the 
case of 3 the rate was found to increase with the increase in substrate 
concentration in the range studied varying from 0.05 mM to 0.125 mM, 
In this case it is interesting to note that there is not much increase in the 
degradation rate on increase in the substrate concentration from 0.100 
mM to 0.125 mM. In case of compounds 1 and 2 the decrease in rate 
at higher concentration may be attributed to the production of more 
intermediates which will compete for the active sites on the catalyst 
surface with substrate leading to decrease in rate [24]. 
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Fig. 3.14: Influence of substrate concentration on the mineralization 
rate of Metalaxyl (ML, 1). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Metalaxyl (0.5, 1.0, 2.0, 3.0 
and 3.5 mM), volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 
gL-'), light source: 125 W medium pressure mercury lamp (1.64-1.68 
mWcm- ), continuous stirring and air purging, irradiation time: 180 min. 
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Fig. 3.15: Influence of substrate concentration on the mineralization 
rate of Tinidazole (TN. 2). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Tinidazole (0.25, 0.50, 0.75 
and 1.0 mM), volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 
gL -'), Iight source: 125 W medium pressure mercury lamp (1.64-1.68 
mWcm ), continuous stirring and air purging, irradiation time: 180 min. 
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Fig. 3.16: Influence of substrate concentration on the degradation rate 
of Imidacloprid (IM, 3). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Imidacloprid (0.050, 0.075, 
0.100 and 0.125 mM), volume (250 mL), photocatalyst: Ti02 Degussa 
P25 (1 gL-1), light source: 125 W medium pressure mercury lamp (1.64-
1.68 mWcm-2), continuous stirring and air purging, irradiation time: 90 
min. 
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3.4.7 Effect of catalyst loading on the photocatalytic degradation of 
organic pollutants, 1.3 
The effect of different concentrations of Degussa P25 (0.5, 1, 2 and 3 
9L') on the photocatalytic degradation of organic pollutants. 1-3 were 
investigated in aqueous suspensions in the presence of molecular 
oxygen using 125 W medium pressure mercury lamp in an immersion 
well photoreactor. Figs. 3.17-3.19 show the degradation rates for the 
decomposition of 1-3 in the presence of different concentrations of 
catalyst. The degradation rate of all three compounds were found to 
increase with increase in catalyst loading from 0.5 gL"' to 2 gL ' and a 
further increase in catalyst loading led to the decrease in the rate. The 
decrease in rate at higher catalyst concentration has also been 
observed in the photocatalytic decolourization of dyes studied in chapter 
1 and 2. The reason for the decrease in rate has already been 
discussed in the respective chapters. The decrease in rate at higher 
catalyst loading could also be rationalized in terms of the fact that some 
amount of Ti02  remains unilluminated (remain in ground state) and 
deactivation of activated molecules occurs by collisions with ground 
state molecules as shown by the following equation, 
TiO2* + Ti02 	= TiO2* + Ti02 	 (5) 
Where Ti02* is the Ti02 with active species adsorbed on its surface and 
TiO24 is the deactivated form of Ti02 [25]. 
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Fig. 3.17: Influence of catalyst concentration on the mineralization rate 
of Metalaxyl (ML, 1). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Metalaxyl (1.0 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (0.5, 1, 2, and 3 
gL-1), Ii qht source: 125 W medium pressure mercury lamp (1.64-1.68 
mWcm- ), continuous stirring and air purging, irradiation time: 180 min. 
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Fig. 3.18: Influence of catalyst concentration on the mineralization rate 
of Tinidazole (TN, 2). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Tinidazole (0.75 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (0.5, 1, 2 and 3 
gL- '), li~ght source: 125 W medium pressure mercury lamp (1.64-1.68 
mWcm" ), continuous stirring and air purging, irradiation time: 180 min. 
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Fig. 3.19: Influence of catalyst concentration on the degradation rate of 
Imidacloprid (IM, 3). 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Imidacloprid (0.10 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (0.5, 1, 2 and 3 
gL-'), li qht source: 125 W medium pressure mercury lamp (1.64-1.68 
mWcm" ), continuous stirring and air purging, irradiation time: 90 min. 
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3.4.8 Effect of hydrogen peroxide concentration on the 
photocatalytic degradation of organic pollutants, 14 
Earlier studies have shown that semiconductor mediated photocatalytic 
degradation of organic pollutants is enhanced markedly in the presence 
of H202 upto a particular concentration and further ircrease in 
concentration led to decrease in the degradation rate [26-30]. 
Therefore, we have studied the effect of different concentrations of H202 
on the photocatalytic degradation of organic pollutants 1-3 in the 
presence of Ti02 and oxygen. Fig. 3.20-3.22 show the degradation rate 
of organic pollutants 1-3 in the presence of different concentration of 
hydrogen peroxide in addition to Ti02 and oxygen. The rates were found 
to increase with the increase ii hydrogen peroxide concentration from 
20 mM to 50 mM (for 1-2) and 10 mM to 40 mM (for 3). Further increase 
in hydrogen peroxide concentration in all three cases led to decrease in 
the degradation rate. 
The rate enhancement by H2O, addition could be attributed to its better 
electron acceptance power thereby reducing electron hole 
recombination as well as generation of hydroxyl radcal which are 
required for the degradatior of organic pollutants. Peroxide can 
also produce hydroxyl radical by interacting with superoxide radical as 
shown in the following equations. 
H2O - zce 	 OH 	OH 	 (6) 
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Fig. 3.20: Comparison of mineralization rate of Metalaxyl (ML, 1) in 
aqueous suspension of Ti02 at different H202  concentrations. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass. Metalaxyl (1.0 mM), 
volume (250 mL), photocatalyst. T102 Degussa P25 (1 gL-'), H202 
concentration (20 mM, 35 mM, 50 mM, 70 mM), light source 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm 2). continuous stirring 
and air purging, irradiation time. 180 min. 
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Fig. 3.21: Comparison of mineralization rate of Tinidazole (TN, 2) in 
aqueous suspension of Ti02 at different H202 concentrations. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass. Tinidazole (0.75 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL-'), H202  
concentration (20 mM, 35 mM, 50 mM, 70 mM), light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm,2), continuous stirring 
and air purging, irradiation time: 180 min. 
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Fig. 3.22: Comparison of degradation rate of Imidacloprid (IM, 3) in 
aqueous suspension of Ti02 at different H202 concentrations. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Imidacloprid (0.10 mM), 
volume (250 mL), photocatalyst: Ti02 Degussa P25 (1 gL 1), H202 
concentration (10 mM, 25 mM, 40 mM, 55 mM), light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm,2), continuous stirring 
and air purging, irradiation time: 90 min. 
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11202 + O, 	 OH + 0OH - 02 (7) 
Above optimum value the competitive reactions between hydroxyl 
radical and peroxide lead to the generation of less reactive 
hydroperoxide radical which does not contribute to the degradation of 
organic substrate. The inhibition of degradation rate could also be 
explained in terms of Ti02 surface modification by H202 adsorption 
resulting in scavenging of photoproduced holes (26. 27) as summarized 
below; 
II,O, - OH 	► HO2 Y 112() 	(8) 
1-120, + 2h' 	> 0, + 211` 	 (9) 
3.4.9 Photocatalysis of organic pollutants, 1-3 under sunlight 
For practical application of waste water treatment based on these 
processes, the utilization of sunlight is preferred. Hence the aqueous 
suspensions of Ti02 (Degussa P25) containing organic pollutants 1-3 
were exposed to solar radiation in the same reaction vessel under 
constant bubbling of air and continuous stirring. The samples were 
collected at different time intervals and analysed after centrifugation to 
remove Ti02. Figs. 3.23-3.24 show the change in TOO content as a 
function of time for irradiation of an aqueous solution of 1 and 2 under 
sunlight and UV light source in the presence of Ti02, oxygen and H202. 
Whereas Fig. 3.25 shows the change in concentration as a function 
of time for irradiation of an aqueous solution of 3 under analogous 
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Fig. 3.23: Change in depletion in TOC content as a function of time on 
irradiation of an aqueous suspension of Metalaxyl (ML, 1) in the 
absence and presence (with H202) of photocatalyst under sunlight and 
UV-light source. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm"2), light source 
sunlight (0.55-0.58 mWcm- ), photocatalyst: Ti02 Degussa P25 (1 gL"). 
Metalaxyl (1.0 mM), H202 (50 mM), volume (250 mL), continuous 
stirring and air purging, irradiation time: 180 min. 
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Fig. 3.24: Change in depletion in TOC content as a function of time on 
irradiation of an aqueous suspension of Tinidazole (TN, 2) in the 
absence and presence (with H202)  of photocatalyst under sunlight and 
UV-light source. 
Experimental conditions: Reaction vessel. immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64.1.68 mWcm`), light source 
sunlight (0.55-0.58 mWcm ), photocatalyst: 1102 Degussa P25 (1 gL') 
Tinidazole (0.75 mM), H202  (50 mM), volume (250 mL), continuous 
stirring and air purging, irradiation time. 180 min. 
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Fig. 3.25: Change in concentration as a function of time on irradiation of 
an aqueous suspension of Imidacloprid (IM, 3) in the presence and 
absence of TiO2 under sunlight and UV-Light source. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, light source: 125 W 
medium pressure mercury lamp (1.64-1.68 mWcm-2), light source 
sunlight (0.55-0.58 mWcm-2), absorbance was followed at 270 nm. 
photocatalyst: Ti02 Degussa P25 (1 gL-1), Imidacloprid (0.10 mM). 
volume (250 mL), continuous stirring and air purging, irradiation time: 90 
min. 
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conditions. Blank experiments were carried out in the absence of TiO 
where no observable loss of the compounds is seen as shown in 
figures. All the organic pollutants were found to degrade more efficiently 
in presence of UV light as compared to sunlight. 
3.4.10 Intermediate products 
An attempt was made to identify the intermediate products formed 
during the photocatalytic degradation of Metalaxyl (1) and Tinidazole (2) 
containing Ti02 and H202 using GC-MS analysis technique. 
3.4.10.1 Intermediate products of Metalaxyl (1) 
An aqueous solution of Metalaxyl (1. 1 mM) in the presence of Degussa 
P25 (2 gL'), H202 (50 mM) was irradiated with a 125 W medium 
pressure mercury lamp (Philips) at different time interval with constant 
stirring and bubbling of atmospheric oxygen. The GC-MS analysis of an 
unirradiated solution of 1 shows single peak appearing at retention time 
(R.) 21.81 min (Fig. 3.26) which was characterized by comparing the 
molecular ion and mass fragmentation pattern from the NIST library 
The analysis of 3 h irradiated mixture of 1 indicate the formation of 
several intermediate products appearing at retention times (R,) 15.72. 
17.21, 18.2, 20.43, 24.32, 26.19, and 28.83 along with unchanged 
starting material 1 appearing at Rt = 22.46 as shown in Fig. 3.26. 
Of which two products appearing at R. = 17.21 and 18.20 min has 
characterized as methyl 2-(2, 6-dimethylphenylamino) propanoate (6) 
and 2. 6-dimethylaniline (5) on the basis of the molecular ion and mass 
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Fig. 3.26: Gas Chromatogram of Metalaxyt (ML, 1), (a) unirradiated 
mixture (0 h) (b) irradiated mixture (3 h). 
Experimental conditions: 1.0 mM (1), V=250 mL, photocatalyst: TiO2 
Degussa P25 (2 gL'), H202 (50 mM). 
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fragmentation pattern as shown below'. 
Compound 1: (Ri  = 21.81), 279 (M'), 249. 220, 206, 192, 174, 160, 
132, 105, 91, 77 and 59 
Compound 6: (R, = 17.21); 206: (M`), 193, 175, 163, 121, 106, 92, 78 
and 57 
Compound 5: (Rt = 1820); 121: (M), 107, 93, 83, 78, 69, 54, and 41 
The formation of products 6 and 5 in the photocatalytic degradation of 1 
could be understood in terms of the pathways shown in scheme 1. 
The formation of these products from I involves the attack of hydroxyl 
radical followed by the loss of (CH3COCH2COOH) group to form a 
radical species 4 which may intern abstracts hydrogen atom from the 
solvent to form the observed product 6. This compound on further loss 
of (CH3OCOCH2CH3) group under the reaction condition followed by the 
addition of a proton may give the observed product 5. 
3.4.10.2 Intermediate products of Tinidazole (2) 
Irradiation of an aqueous solution of Tinidazole (2, 0.75 mM) was 
carried out in the presence of Degussa P25 (2 g L'), H2O, (50 mM) with 
a 125 W medium pressure mercury lamp (Philips) at different time 
interval with constant stirring and bubbling of atmospheric oxygen. Fig. 
3.27 shows the GC analysis of unirradiated (0 h) and irradiated (3 h) 
mixture of 2. Analysis of 3 h irradiated mixture of 2 indicates the 
formation of several intermediate products, of which only one product 
appearing at retention time 18.2 has been characterized as 7 on the 
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Scheme 1. Proposed photocatalytic degradation pathway of Metalaxyl 
(1) in presence of Ti02. 
basis of molecular ion and mass fragmentation pattern, indicating the 
reduction of nitro group to amino group in the imidazole ring as shown 
below; 
02N 	O, ,O 
N` -CH H3C 
3 
hv Ti02 
I l,() 11202i02 
H2N 	O. ,O 
S" 
N ~CH H3C 3 
2 
	
7 
The molecular ion and mass fragmentation of the starting compound (2! 
and 7 (1-(2-(ethylsulfonyl) ethyl)-2-methyl-1H-imidazol-5-amine) are 
given below: 
Compound 2: (R; = 23.90); 247: (M+), 233. 219, 174, 91, 77 and 59 
Compound 7: (R, = 18.20); 217: (M+), 168, 140, 125, 111, 97, 83, 69 
and 55 
It is pertinent to mention here that the reduction of nitro to amino group 
under the photocatalytic condition has been reported earlier [31]. 
3.5 Conclusion 
The organic pollutants such as Metalaxyl (1) and Tinidazole (2) were 
found to mineralize efficiently in the presence of Ti02, hydrogen 
peroxide, light and atmospheric oxygen. The degradation of 
Imidacloprid takes place in the presence of light and atmospheric 
oxygen using Ti02. The photocatalyst Degussa P25 was found to be 
more efficient as compared to other photocatalyst Ti02 powders for avi 
the compounds. The better degradation rates of Metalaxyl, Tinidazolc 
and Imidacloprid were found at pH 3.1, 3.7 and 11.5 respectively. At 
(a1 Tuudaro1e Unu1-.zeltated 
02N 	O O , 
i 
H3C 
N 	CH3  
Fig. 3.27. Gas Chromatogram of Tinidazole (2), (a) unirradiated mixture 
(0 h) (b) irradiated mixture (3 h). 
Experimental conditions: 0.75 mM (2), V=250 mL, photocatalyst: 
Ti02 Degussa P25 (2 gL-'), H202 (50 mM). 
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catalyst loading 2 gL- ' the degradation rate of all three compounds was 
found to be more efficient. The addition of hydrogen peroxide enhanced 
the degradation rate of all the pollutants. An attempt was also made to 
identify the intermediate products formed during the photocatalytic 
degradation of 1 and 2 containing Ti02 and H202 using GC-MS analysis 
technique. The analysis of irradiated mixtures of 1 and 2 indicate the 
formation of several intermediate products appearing at different 
retention times along with unchanged starting materials. Of which few 
products have been characterized on the basis of the molecular ion and 
mass fragmentation pattern. 
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Chapter 4 
Mo, Mn and La DOPED Ti02: SYNTHESIS, CHARACTERIZATION 
AND PHOTOCATALYTIC ACTIVITY FOR THE DECOLOURIZATION 
OF THREE DIFFERENT CHROMOPHORIC DYES r't 
4.1 Abstract 
Nano crystalline TiO2 particles doped with different concentrations of 
Molybdenum (Mo) Manganese (Mn) and Lanthanum (La) (0.25-1,0%) 
were synthesized using sol-gel method and characterized by standard 
analytical techniques such as X-ray diffraction (XRD), UV—Vis 
spectroscopy and Scanning Electron Microscopy (SEM). The XRD 
analysis shows the partial crystalline nature and anatase phase. The 
SEM images of undoped and doped Ti02 at different magnifications 
also show the partial crystalline nature with rough surfaces. The 
photocatalytic activity of the synthesized particles (TiO2 doped with Mo, 
Mn and La) was tested by studying the decolourization of three different 
chromophoric dyes such as Acid Red 88 (azo dye), Gentian Violet 
(triphenylmethane dye) and Remazol Brilliant Blue R (anthraquinone 
dye) as a function of time on irradiation in aqueous suspension in an 
immersion well photochemical reactor with a 500 W halogen linear lamp 
in the presence of atmospheric oxygen. The results indicate that Ti02  
with dopant concentration of 0.75% (Mo) and 1.0% (Mn, La) showed the 
highest photocatalytic activity as compared to the other dopant 
concentrations for the decolourization of all the dyes. 
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4.2 Introduction 
Semiconductor mediated photocatalysed degradation of variety of 
organic pollutants have been studied extensively during past few 
decades [2-4]. Among various semiconductors, Ti02  is one of the most 
efficient photocatalyst for the degradation of pollutants in aqueous 
suspension through the photogenerated strong oxidizing agents like 
hydroxyl radical and superoxide radical anions under UV light irradiation 
[5]. It is pertinent to mention here that Ti02 can only be excited by UV 
light due its large band gap energy (3.2 eV for anatase) which is not 
ideal to absorb visible light. To overcome this problem the research 
groups working in the area of photocatalysis are trying to extend the 
optical response of photocatalyst from UV to visible region by doping it 
with metal or nonmetal into the Ti02 lattice [6-1 1]. The various methods 
used for doping of Ti02 involve ion implantation, sal-gel reaction, 
hydrothermal reaction, solid-state reaction etc [12-15]. Of which the sal-
gel process is undoubtly the simplest and the cheapest one and also it 
provides control on the size and shape of nanoparticles. 
The mechanism for the photocatalytic degradation of organic pollutants 
in the presence of metal doped Ti02 could be visualised as follows. 
Doping of Ti02 with metal ion introduces a new energy level (dopants 
impurity level) by the dispersion of metal nanoparticles in the Ti02  
matrix which acts as electron trap [16]. The trapping of electron can 
inhibit electron-hole recombination during irradiation thereby increasing 
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the lifetime of charge carriers. The doping of TiO2 with dopants not only 
improves the separating efficiency of photo-induced electrons and 
holes, but it also increases the visible light absorption due to shortening 
of band gap. 
Few studies relating to the synthesis of Molybdenum (Mo) [17, 181, 
Manganese (Mn) [19, 20] and Lanthanum (La) [21-25] doped TiO, using 
different methods and its photocatalytic activity for the degradation of 
pollutants have been reported earlier. For example, in two seperate 
studies Mo-doped T102 has been synthesized using thermal hydrolysis 
[17] and sal-gel method [18] and their photocatalytic activity was tested 
by studying the degradation of orange II and tebuconazole respectively. 
In an another study by Devi et at Mn-doped Ti02 was synthesized using 
sal-gel process and its photocatalytic activity was investigated by 
studying the degradation of a dye derivative amaranth [19]. The 
modified sol-gel process for the synthesis of Mn-doped TiO2 has also 
been reported earlier [20]. On the other hand, synthesis of La-doped 
TiO2 using different methods and their activity for the degradation of 
dyes [21-23] and organic pollutant [24, 25] has been reported in the 
literature. 
The present chapter of thesis deals with the synthesis of Mo, Mn and 
La-doped TiO2 with different concentrations of metal ion using sal-gel 
method followed by characterization using standard analytical 
techniques such as X-ray diffraction (XRD), UV—Vis spectroscopy and 
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Scanning Electron Microscopy (SEM) The activity of all the synthesized 
photocatalysts was tested by studying the decolourization of three 
different chromophoric dye derivatives (azo, triphenylmethane and 
anthraquinone dyes) such as Acid Red 88, Gentian Violet and Remazol 
Brilliant Blue R under visible light source. 
4.3 Experimental 
4.3.1 Reagents and chemicals 
Titanium isopropoxide and dye derivatives, Acid Red 88, Gentian Violet 
and Remazol Brilliant Blue R were obtained from Sigma-Aldrich. 
Ammonium heptamolybdate tetrahydrate was obtained from Merck, 
Mangnese (II) sulphate monohydrate from Himedia Laboratries Pvt. Ltd. 
India, lanthanum nitrate hexahydrate and 2-propanol were purchased 
from Central Drug House, India. 
4.3.2 Synthesis of TiOZ and doped TiO2 nanoparticte using sol-gel 
method 
Ti02 nanoparticles were synthesized by sol-gel method using titanium 
isopropoxide as the titania precursor. A homogeneous solution of water 
and 2-propanol (10 ml each) was added drop wise with constant stirring 
to a solution of titanium isopropoxide (0.71 gm, 0,1 M) in 2-propanol (25 
mL). This would results in the hydrolysis of titanium isopropoxide which 
is indicated by the appearance of turbidity in the solution leading to the 
formation of Ti02 in the form of gel After the complete addition, the 
resulting solution was stirred overnight which was then filtered, washed 
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with water and dried at 100 °C for 2-3 h. manually grinded and 
calcinated at 400 °C for 4 h to give pure Ti02. This Ti02 particle was 
taken as reference to compare the photocatalytic activity with doped 
particles. Doping of Ti02 with Mo, Mn and La was carried out by adding 
a solution of known concentrations (0.25-1.0%) of ammonium 
heptamolybdate tetrahydrate, mangnese (II) sulphate monohydrate and 
lanthanum nitrate hexahydrate, respectively, (in 1:1 (v/v) of water and 2- 
propanol) drop wise with stirring to a solution of titanium isopropoxide 
(0.1 M) in 2-propanol (25 ml). After stirring the solution for 12 h a 
gelatinous material so formed (doped Ti02) was filtered, washed with 
water and dried at 100 °C for 2-3 h. The powder so obtained was 
manually grinded and calcinated at 400 °C for 4 h. The schematic flow 
chart for the preperation of doped Ti02 is shown in Fig. 4.1. 
4.3.3 Characterization 
The synthesized catalysts were characterized employing standard 
analytical techniques such as X-Ray Diffraction (XRD), UV-Vis 
spectroscopy and Scanning Electron Microscopy (SEM). The structural 
characterization of undoped Ti02 and doped Ti02 nanoparticles was 
performed by XRD in the 20 range of 20-80° (Rigaku Miniflex II) with Cu 
Ka radiations (A = 1.5418 A) operated at voltage of 30 kV and current of 
15 mA. The UV-Vis spectra were recorded at room temperature in the 
range of 300-800 nm using Shimadzu UV-Vis spectrophotometer 
(Model 1601). The morphology of the particles were examined using 
Dopant 
Doped-TiO, 
fl 
Fig. 4.1: Schematic flow chart of preperation of doped Ti02. 
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SEM (Hitachi S-5000 FEG) operated at a voltage of 20 kV. 
4.3.4 Photocatalytic experiments 
The solutions of desired concentration of dye derivatives, Acid Red 88, 
Gentian Violet and Remazol Brilliant Blue R were prepared in double 
distilled water. An immersion well photochemical reactor made of Pyrex 
glass was used in this study. For irradiation experiments, an aqueous 
solution (250 ml) of dye was taken into the reactor and the required 
amount of photocatalyst (Ti02/doped TiO2, 1gL') was added and the 
solution was stirred and bubbled with atmospheric oxygen for at least 
15 minutes in the dark to allow equilibration of the system so that the 
loss of dye due to adsorption can be taken into account. The zero time 
reading was obtained from a blank solution kept in the dark but 
otherwise treated similarly to the irradiated solution. Irradiations were 
carried out using a visible light halogen linear lamp (500 W, 9500 
Lumens). Samples (10 mL) were collected before and at regular 
intervals during the irradiation and centrifuged before analysis. 
4.4 Results and Discussion 
4.4.1 XRD Analysis 
The XRD patterns of undoped and doped Ti02 with different 
concentrations of Mo, Mn and La calcinated at 400 °C for 4 h are shown 
in Figs. 4.2-4.4 respectively. All doped TiO2 particles showed the 
partial crystalline nature and anatase phase. The dopant can enter the 
Ti02 lattice either interstitially or it can act as substitutional impurity. The 
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Mo-T102 (1.00%) 
Mo-TiO2 (0.75%) 
Mo-T102 (0.50%) 
Mo-Ti02 (0.25%) 
TiO2 
20 	30 	40 	50 	60 	70 	80 
Fig. 4.2: XRD patterns of Mo-doped TiO2. 
Undoped Ti02, Mo-doped Ti02 (0.25%, 0.50%, 0.75%, and 
1.0%). 
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Mn-TiO2 (1.00%) 
Mn-TiO2 (0.75%) 
Mn-TiO2 (0.50%) 
Mn-TO:  (0.25%) 
Ti02 
20 	30 	40 	50 	60 	70 	80 
Fig. 4.3: XRD patterns of Mn-doped Ti02. 
Undoped Ti02, Mn-doped Ti02 (0.25%, 0.50%, 0.75%, and 
1.0%). 
R 
La-roe (1.00%) 
La-Ti02 (0.75%) 
La-ThO2 (050%) 
La-TiO2 (0.25%) 
TiO2 
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Fig. 4.4: XRD patterns of La-doped Ti02. 
Undoped Ti02, La-doped Ti02 (0.25%, 0.50%, 0.75%, and 1.0%). 
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properties such as crystal structure, electronegativity, relative valency 
and atomic size decides substitution if they match closely to the Ti02 
lattice. In the present case the ionic radius of Mo" is 0,0620 nm and 
that of Ti'* is 0.0605 nm. Due to the similarity in the ionic radii they can 
replace Ti ` in the lattice [18]. The ionic radii of Mn2 (0.080 nm) and 
Lai' (0.1016 nm) are greater than that of Ti" (0.068 nm). Therefore, it is 
difficult for these dopants to act as interstitial impurity, but it may be 
present in the surface layer of Ti02 [26, 22]. 
The average anatase crystallite size of doped and undoped Ti02  
nanoparticles was determined by Debye Scherer formula (equation 1). 
U _ K,t 	 (1)  
p cos 0 
Where D = Crystallite size, K = shape factor, 7, = wavelength, 0 = 
diffraction angle, h = Full width at half maximum. Table 4.1-4.3 show 
the mean size of the crystallites in samples which were estimated by the 
FWHM of the XRD peak (101) using the Debye-Scherer equation. It 
could be seen from the table that the crystallite size was found to 
decrease with the increase in dopant concentration This could be 
explained on the basis of the fact that the addition of dopant may hinder 
the growth of Ti02 particle to some degree [27]. 
4.4.2 UV—Vis Absorption Spectra 
The UV—Visible absorption spectra of undoped Ti02 and doped Ti02 
with different dopant concentrations of Mo, Mn and La are shown 
in Figs. 4.5-4.7, respectively. The band gap energies of doped Ti02 
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TNo. I  Dopant Dopant concentration (%) Crystallite size (nm) 
1.  None 0 16.8 
2. Mo 0.25 10.0 
3.  Mo 0.50 9.1 
4. Mo 0.75 8.6 
5.  Mo 1.00 8.5 
Table 4.1: Crystallite size of Mo-Ti02 doped with different concentration 
of Mo. calcination temp: 400 °C calcination time: 4 h. 
S. No. 	Dopant Dopant concentration (%) Crystallite size (nm 
1.  None 0 16.8 
2. Mn 0.25 15.4 
3.  Mn 0.50 15.0 
4. Mn 0.75 14.6 
5.  Mn 11.00 13.3 
Table 4.2: Crystallite size of Mn-Ti02 doped with different concentration 
of Mn. calcination temp: 400 °C calcination time: 4 h. 
S. No. 	Dopant Dopant concentration (%) Crystallite size (nm) 
1.  None 0 16.8 
2. La 0.25 111.2 
3.   La 0.50 X10.3 
4. La 0.75 9.8 
5.  La 1.00 8.7 
Table 4.3: Crystallite size of La-Ti02 doped with different concentration 
of La. calcination temp: 400 °C calcination time: 4 h. 
20 
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Fig. 4.5: Absorption spectra of Mo-doped Ti02 . 
(A) Undoped Ti02, (B) 0.25% Mo-doped Ti02 (C) 0.50% Mo- 
doped Ti02, (D) 0.75% Mo-doped Ti02 , (E) 1.0% Mo-doped Ti02. 
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Fig. 4.6: Absorption spectra of Mn-doped Ti02 . 
(A) Undoped Ti02, (B) 0.25% Mn-doped Ti02 (C) 0.50% Mn-
doped Ti02, (D) 0.75% Mn-doped Ti02, (E) 1.0% Mn-doped Ti02. 
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Fig. 4.7: Absorption spectra of La-doped Ti02 . 
(A) Undoped Ti02, (B) 0.25% La-doped Ti02 (C) 0.50% La-doped 
Ti02, (D) 0.75% La-doped Ti02, (E) 1.0% La-doped Ti02. 
particles were calculated using the absorbance data obtained from 
these figures are listed in Table 4.4-4.6. 
As expected, incorporation of dopants into Ti02 lattice has been found 
to shift the fundamental absorption edge towards the longer wavelength 
i.e. red shift, which decreases the band gap energy [17, 23]. But in case 
of Mo-doped Ti02 there is an increase in band gap energy at higher 
concentration of Mo (1.0%). This may be due to the deposition of the 
metal on the photocatalyst which covered the surface of Ti02 and can 
reduce the effective surface area for absorbing light [18]. 
4.4.3 SEM Analysis 
The structural characterizations of undoped and doped Ti02  
nanoparticles were carried out via scanning electron microscopy. The 
morphology of undoped and doped Ti02 particles with different 
concentrations of Mo. Mn and La (0.25-1.0%) are presented in Figs. 
4.8-4.11, respectively. The SEM images of undoped and doped Ti02 at 
different magnifications show the partial crystalline nature. After doping 
the morphology of doped material remains unchanged, show the 
amorphous nature with rough surfaces. 
4.4.4 Photocatalytic activity 
4.4.4.1 Photocatalysis of Acid Red 88 in presence of Mo-doped 
Ti02 
An aqueous solution of Acid Red 88 (0.35 mM, 250 mL) was irradiated 
with a visible light halogen lamp in the presence of Mo-doped Ti02 (1 
gL') with constant stirring and bubbling of atmospheric oxygen. The 
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S. No. 
1.  
2. 
Dopant 
Mo 
Mo 
Dopant concentration % 
0 
0.25   
and gap (ev)  
3.04  
2.93 
3.  Mo 7öio '2.81 
4. Mo 0.75 2.57 
5.  Mo 1.0 2.71 
Table 4.4: Band gap energy of Mo-Ti02 doped with different 
concentration of Mo. calcination temp: 400 °C calcination time: 4 h. 
S. No. Do ant Dopant concentration % Band gap (ev)  
1 
2. 
Mn 
Mn 
0 
0.25 
3.06 
3.00 
3.  Mn 0.50 2.96 
4.  Mn 0.75 2.90 
5.  Mn ; 	1.0 2.83 
Table 4.5: Band gap energy of Mn-Ti02 doped with different 
concentration of Mn. calcination temp: 400 °C calcination time: 4 h. 
S. No. 	Dopant Dom ant concentration 	Band gap (ev 
1. La 	0 
	
3.06 
2. La 	0.25 3.01 
3. La 	0.50 
4. La 	0.75 	 2.89 
5. La 	1.00 2.85 
Table 4.6: Band gap energy of La-Ti02 doped with different 
concentration of La. calcination temp: 400 °C calcination time: 4 h. 
AL. 
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Fig. 4.8: SEM images of undoped Ti02, Calcination temp: 400 °C, 
Calcination time: 4 h. 
Fig. 4.9: SEM images of Mo-doped (0.75%) Ti02, Calcination temp: 400 °C, Calcination time: 4 h. 
• 
4 
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Fig. 4.10: SEM images of Mn-doped (1.0%) Ti02, Calcination temp: 400 °C. Calcination time: 4 h. 
Fig. 4.11: SEM images of La-doped (1.0%) Ti02, Calcination temp: 400 °C. Calcination time: 4 h. 
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decolourization of the dye was monitored by measuring the change in 
absorbance as a function irradiation time. As a representative example, 
Fig. 4.12 (A) shows the change in absorbance at different time interval 
on irradiation of Acid Red 88 in the presence of Mc-doped Ti02 (0.75%). 
It could be seen from the figure that the absorption intensity decreases 
with increase in irradiation time. 
Fig. 4.12 (B) shows the change in concentration of the dye as a 
function of irradiation time in the presence (0.75`/o Mo-doped) and 
absence of Mo-doped TiO2. It could be seen from the figure that 77% 
decolourization of Acid Red 88 take place after 180 min of irradiation in 
the presence of Mo-doped T102 and atmospheric oxygen. On the other 
hand in the absence of photocatalyst no observable decrease in the dye 
concentration could be seen. 
4.4.4.2 Photocatalysis of Gentian Violet in presence of Mn-doped 
TiO2 
An aqueous solution of Gentian Violet (0.075 mM, 250 mL) was 
irradiated in the presence of Mn-doped TiC2 under analogous 
conditions. As a representative example, Fig. 4.13 (A) shows the 
change in absorbance at different time intervals in the presence of Mn-
doped Ti02 (1.0%) where the absorption intensity decreases with 
increasing irradiation time. Fig. 4.13 (B) shows the change in 
concentration of Gentian Violet in the presence (1.0% Mn-doped) 
and absence of Mn- doped TiO2 as a function of irradiation time. 
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Fig. 4.12 (A): Change in absorbance on irradiation of an aqueous 
suspension of Acid Red 88 in the presence of Mo-doped Ti02. 
Fig. 4.12 (B): Change in concentration as a function of time on 
irradiation of an aqueous solution of Acid Red 88 in the presence and 
absence of Mo-doped Ti02 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Red 88 (0.35 mM), 
volume (250 mL), Dopant: Mo, Dopant concentration (0.75%), light 
source: halogen linear lamp (500 W, 9500 Lumens) continuous stirring 
and air purging, irradiation time: 180 min. 
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Fig. 4.13 (A): Change in absorbance on irradiation of an aqueous 
suspension of Gentian Violet in the presence of Mn-doped Ti02. 
Fig. 4.13 (B): Change in concentration as a function of time on 
irradiation of an aqueous solution of Gentian Violet in the presence and 
absence of Mn-doped Ti02. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Gentian Violet (0.075 mM), 
volume (250 mL), Dopant: Mn, Dopant concentration (1 %), light source: 
halogen linear lamp (500 W, 9500 Lumens) continuous stirring and air 
purging, irradiation time: 180 min. 
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In this dye derivative, 84% decolourization takes place after 180 min of 
irradiation in the presence of Mn-doped T102 whereas in the absence of 
photocatalyst no observable decrease in the dye concentration could be 
seen, 
4.4.4.3 Photocatalysis of Remazol Brilliant Blue R in presence of 
La-doped T102 
The irradiation of Remazol Brilliant Blue R (0.25 mM, 250 mL) in the 
presence of La-doped Tb02 under analogous conditions also lead to the 
decolourization of the dye, As a representative example, Fig. 4.14 (A) 
shows the charge in absorbance in the presence of La-doped TiO2  
(1.0%) at different time intervals and Fig. 4.14 (B) shows the change in 
concentration as a function of time in the presence (1.0% La-doped) 
and absence of La-doped Ti02 for irradiation of aqueous solution of 
Remazol Brilliant Blue R. In this case 72% decolcurization of the dye 
takes place after 180 min of irradiation in the presence of La-doped Ti02  
whereas no observable decrease in the dye concentration takes place 
in the absence of photocatalyst. 
The curve for the change in concentration as a function of irradiation 
time in the presence of doped Ti02 for Acid Red 88, Gentian Violet and 
Remazol Brilliant Blue R (shown in Figs. 4.12 (B), 4.13 (B) and 4.14 
(B)) can be fitted reasonably well by an exponential decay curve 
suggesting zero order kinetics. As a representative example, Fig. 4.15 
shows the linear regression curve fit for the natural logarithm of 
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Fig. 4.14 (A): Change in absorbance on irradiation of an aqueous 
suspension of Remazol Brilliant Blue R in the presence of La-doped 
TiO2. 
Fig. 4.14 (B): Change in concentration as a function of time on 
irradiation of an aqueous solution of Remazol Brilliant Blue R in the 
presence and absence of La-doped TiO2. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Remazol Brilliant Blue R 
(0.25 mM), volume (250 mL), Dopant: La, Dopant concentration (1.0%), 
light source: halogen linear lamp (500 W, 9500 Lumens) continuous 
stirring and air purging, irradiation time: 180 min. 
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Fig. 4.15: Plot showing the linear regression curve fit for the natural 
logarithm of concentration of Acid Red 88 against irradiation time. 
181 
concentration vs. irradiation time for the decolourization of Acid Red 88. 
For each experiment, the rate constant was calculated from the plot of 
natural logarithm of dye concentration as a function of irradiation time. 
The decolourization rate of the dye was calculated using formula given 
below; 
-d[C] / dt = kCn 
	
(1) 
C = concentration of the pollutant. k = rate constant, n = order of 
reaction. 
The decolourization rate was calculated in terms of mol L1 min"' 
4.4.4.4 Photocatalytic activity of Mo-doped Ti02 (with varying Mo 
concentration) for the decolourization of three different 
chromophoric dye derivatives 
The photocatalytic activity of Mo-doped Ti02 with different concentration 
of Mo varying from 0.25-1.0% was tested by studying the 
decolourization of three different chromophoric dye derivatives such as 
Acid Red 88 (azo dye), Gentian Violet (triphenylmethane dye) and 
Remazol Brilliant Blue R (anthraquinone dye) in aqueous suspension 
under visible light source in the presence of atmospheric oxygen. Fig. 
4.16 shows the decolourization rate of Acid Red 88, Gentian Violet and 
Remazol Brilliant Blue R in the presence of undoped (pure Ti02 0% Mo) 
and Mo-doped Ti02 (Mo varying from 0.25 to 1.0%). It could be seen 
from the figure that the decolourization rate of all three dyes increases 
with the increase in dopant concentration from 0.25 to 0.75% and a 
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Fig. 4.16: Photocatalytic activity of Mo-doped Ti02 (with varying Mo 
concentration) for the decolourization of dye derivatives Acid Red 88, 
Gentian Violet and Remazol Brilliant Blue R. 
Experimental condition: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid red 88 (0.35 mM), 
Gentian Violet (0.075 mM), Remazol Brilliant Blue R (0.25 mM), volume 
(250 mL), Dopant: Mo, Dopant concentration (0, 0.25, 0.50 0.75 and 
1.0%), light source: halogen linear lamp (500 W, 9500 Lumens) 
continuous stirring and air purging, irradiation time: 180 min. 
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further increase in the dopant concentration lead to slight decrease in 
the decolourization rate. 
4.4.4.5 Photocatalytic activity of Mn-doped Ti02 (with varying Mn 
concentration) for the decolourization of three different 
chromophoric dye derivatives 
The photocatalytic activity of different concentration of Mn-doped TiO2 
was tested by studying the decolourization of three dye derivatives in 
aqueous suspension under analogous conditions, The decolourization 
rate of Acid Red 88, Gentian Violet and Remazol Brilliant Blue R in the 
presence of undoped (pure Ti02 0% Mn) and Mn-doped Ti02 (Mn 
varying from 0,25 to 1.0%) is shown in Fig. 4.17. The decolourization 
rate of all three dyes was found to increase with the increase in dopant 
concentration in the range studied varying from 0.25% to 1.0%. 
4.4.4.6 Photocatalytic activity of La-doped Ti02 with varying La 
concentration) for the decolourization of three different 
chromophoric dye derivatives 
The photocatalytic activity of La-doped TiO2 with different concentration 
of La varying from 0.25-1, O% was tested by studying the decolourization 
of three different chromophoric dye derivatives such as Acid Red 88 
(azo dye), Gentian Violet (triphenylmethane dye) and Remazol Brilliant 
Blue R (anthraquinone dye) in aqueous suspension under visible light 
source in the presence of atmospheric oxygen. Fig. 4.18 shows the rate 
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Fig. 4.17: Photocatalytic activity of Mn-doped TiO2 (with varying Mn 
concentration) for the decolourization of dye derivatives Acid Red 88, 
Gentian Violet and Remazol Brilliant Blue R. 
Experimental condition: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Red 88 (0.35 mM), 
Gentian Violet (0.075 mM), Remazol Brilliant Blue R (0.25 mM), volume 
(250 mL), Dopant: Mn, Dopant concentration (0, 0.25, 0.50 0.75 and 
1.0%), light source: halogen linear lamp (500 W, 9500 Lumens) 
continuous stirring and air purging, irradiation time: 180 min. 
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Fig. 4.18: Photocatalytic activity of La-doped Ti02 (with varying La 
concentration) for the decolourization of dye derivatives Acid Red 88, 
Gentian Violet and Remazol Brilliant Blue R. 
Experimental condition: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, Acid Red 88 (0.35 mM), 
Gentian Violet (0.075 mM), Remazol Brilliant Blue R (0.25 mM), volume 
(250 mL), Dopant: La, Dopant concentration (0, 0.25, 0.50 0.75 and 
1.0%). light source: halogen linear lamp (500 W, 9500 Lumens) 
continuous stirring and air purging, irradiation time: 180 min. 
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of decolourization of Acid Red 88, Gentian Violet and Remazol Brilliant 
Blue R in the presence of undoped (pure TiO2 0% La) and La-doped 
TiO2 (La varying from 0.25 to 1.0%). It could be seen from the figure 
that the decolourization rate of all three dyes increases with the 
increase in dopant concentration from 0.25 to 1.0%. 
The increase in the photocatalytic activity by increasing the dopant 
concentration may be due to the shortening of band gap thereby 
effectively absorbing the light of longer wavelength. Another reason for 
the increase in the photocatalytic activity by increasing the dopant 
concentration could be attributed to the fact that the doping of Ti02 with 
dopant introduces new trapping sites which affects the life time of 
charge carriers by splitting the arrival time of photogenerated electrons 
and holes to reach the surface of photocatalyst and thus electron-hole 
recombination is reduced. In the case of Mn and La-doped TiO2 the 
decolourization rate of all three dyes was found to increase with the 
increase in dopant concentration in the range studied varying from 
0.25% to 1%. We could not study the higher dopant concentration in 
these cases because a further increase in dopant concentration 
immediately leads to the formation of a gelatinous dense mass. On the 
other hand in the case of Mo-doped TiO2 the decolourization rate of all 
three dyes increases with the increase in dopant concentration from 
0,25 to 0.75% and a further increase in the dopant concentration lead to 
slight decrease in the decolourization rate At higher dopant 
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concentration (1 0% in case of Mo) there is occurrence of multiple 
trapping of charge carriers and hence the possibility of electron-hole 
recombination increases [23, 28] and fewer charge carriers will reach 
the surface to initiate the decolourization of the dye, hence decrease in 
decolourization efficiency at higher dopant concentration was observed. 
4.4.4.7 Photocatalytic activity of undoped and doped TiO2 under UV 
and visible light source 
The photocatalytic activity of pure Ti02 and TiO, doped with Mo, Mn 
and La metal ions was tested by studying the decolourization of three 
different dye derivatives under visible light and UV light source S As a 
representative example, Fig. 4.19 shows the change in concentration 
as a function of time on irradation of an aqueous solution of Acid Red 
88 in the presence of undoped Ti02 and Mo doped TiO2 using UV and 
visible light. It is obvious from the figure that the doped 1102 is more 
efficient for the decolourization of dye under visible light source as 
compared to undoped Ti02. 
4.5 Conclusion 
The XRD analysis of the synthesized pure TiO2 and doped Ti02 with 
Mo, Mn and La metal ions shows the partial crystalline nature and 
anatase phase. The partial crystalline nature with rough surfaces could 
be seen by SEM images of undoped and doped Ti02 at different 
magnifications. The UV—Vis absorption spectra showed ? m„ shift 
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Fig. 4.19: Change in concentration as a function of time on irradiation of 
an aqueous solution of Acid Red 88 in the presence of Undoped and 
Mo-Ti02 under visible and UV-light source. 
Experimental conditions: Reaction vessel: immersion well 
photochemical reactor made of Pyrex glass, visible light source: 
halogen linear lamp (500 W, 9500 Lumens), UV light source: 125 W 
medium pressure mercury lamp, photocatalyst: undoped Ti02 (1 gL-'), 
0.75% Mo-doped Ti02 (1 gL-'), Acid Red 88 (0.35 mM), volume (250 
mL), continuous stirring and air purging, irradiation time: 180 min 
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towards longer wavelength with the increase in metal ion concentration 
from 0.25% to 1.0% in case of Mn and La doped Ti02. Whereas in the 
case of Mo doped Ti02 a decrease in ?.max  was observed at higher 
concentration of 1.0% metal ion. The photocatalytic activity of TiO2 with 
dopant concentration of 0.75% (Mo) and 1.0% (Mn, La) showed highest 
efficiency as compared to the other dopant concentrations for the 
decolourization of all the dyes. The doped Ti02 was found to be more 
efficient for the decolourization of dye under visible light source as 
compared to undoped Ti02. 
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Conclusion 
The results of these studies indicate that Ti02 can efficiently catalyze 
the degradation of variety of organic compounds in the presence of light 
and atmospheric oxygen. The results also indicate that degradation of 
the pollutant could be influenced by a number of parameters such as 
type of photocatalyst, reaction pH, catalyst loading, substrate 
concentration and in the presence of electron acceptors beside 
molecular oxygen. 
It could be demonstrated that photocatalytic properties of different Ti02 
materials may differ considerably for the degradation of different 
systems. The Ti02 sample obtained from Degussa P25 was found to be 
more efficient photocatalyst for the degradation of all the compounds 
studied except for dye derivatives Acid Blue 129 and Acid Red 183. The 
degradation of Acid Blue 129 and Acid Red 183 was found to be better 
using Hombikat UV100. Our studies on the photocatalytic degradation 
of organic pollutants indicate that all compounds degrade faster in 
acidic pH except Imidacloprid, Acid Blue 129 and Bromophenol Blue. 
Imidacloprid decolourizes more efficiently under alkaline pH whereas 
efficient decolourization of Acid Blue 129 and Bromophenol Blue was 
observed around neutral pH. The addition of electron acceptors has 
been found to enhance the degradation rate. The observations of these 
investigations clearly demonstrate the importance of choosing the 
optimum degradation parameters to obtain a high degradation rate, 
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which is essential for any practical application of photocatalytic 
oxidation processes. Identification of intermediate products using GC- 
MS analysis technique formed during the photooxidation process was 
useful source of information for the degradation pathways. The XRD 
analysis of the synthesized pure Ti02 and doped Ti02 with Mo, Mn and 
La metal ions shows the partial crystalline nature and anatase phase. 
The partial crystalline nature with rough surfaces could be seen by SEM 
images of undoped and doped Ti02 at different magnifications. The 
photocatalytic activity of Ti02 with dopant concentration of 0.75% (Mo) 
and 1.0% (Mn, La) showed highest efficiency as compared to the other 
dopant concentrations for the decolourization of all the dyes. The doped 
Tj02 was found to be more efficient for the decolourization of dye under 
visible light source as compared to undoped TiO2. 
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